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Abstract
Estimating past oceanographic and atmospheric conditionsandtheir interactions
can help further understand the evolution of the Earth’s climate system. In turn, this
knowledge underlies the prediction of future climatic change. This thesis addresses
questions regarding the reconstruction ofpast climatic variables such as sea-surface
salinity and past climatic processes such as sulphate aerosol production. Each chapter uses
novel or literature-derived data generated by culture experiments on the coccolithophorid
alga Emiliania huxleyi. Analysis of these data provides caveats and improved parameter
estimates for reconstructing past climatic variables and processes.
Analysis of E. huxleyi coccolith morphology as a palaeo-sea-surface salinity proxy
using culture experiments and scanning electron microscopy demonstrates that while the
proxy is stable in the open-ocean,populations from isolated and marginal settings such as
Norwegian coastal waters display different characteristics. Therefore, it is recommended
that the palaeosalinity proxy shouldbe re-calibrated for application in these isolated and
marginalsettings. However,analysis of E. huxleyi cellular morphology data from the
literature does not demonstrate a similar biogeographical divide. Nevertheless, these data
provide an improvedestimateofthe size range of E. huxleyi cells for use in reconstructing
palaeo-sea-surface CO) in combination with alkenone carbon isotope measurements. This
updated estimate introducesadditional errors into palaeo-CO)reconstruction using this
method which are approximately double those made previously.
A Rayleigh distillation model highlights E. huxleyi bloom formationas a potential
mechanism for causing part ofthe variation in coccolith Sr/Ca that is observed in the
modern ocean and in the sedimentary record. This proposed mechanism exists in addition
to coccolith calcification rate and temperature which are thoughtto be the primary factors
controlling coccolith Sr/Ca. However, theseresults still support the use of coccolith Sr/Ca
as a qualitative palaeoproductivity proxy.
E. huxleyi growth rate data compiled from theliterature demonstrate that the
relationship between growth rate and temperature follows a power function. This species-
specific relationship allows models of E. huxleyi bloom formation to be calculated with
greater accuracy. This is in contrast to previous estimates of growthrate as a function of
temperature which assumed an exponential relationship based on data from multiple
species.
Therelationship between sea-surface salinity and E. huxleyi
dimethylsulphoniopropionate (DMSP)productionis quantified using gas-chromatograph
analysis of culture samples. These data suggest an increase in E. huxleyi DMSPat higher
salinities as has been observedin other algal species. Results predict increased DMSPas a
result of salinity change at the Last Glacial Maximumin all ocean regions exceptfor the
North Atlantic. These conclusionsare partly reflected by records of sulphate deposition in
ice cores from both Greenland and Antarctica.
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1 General Introduction
1.1 Palaeoceanographic proxies and processes
Knowledge of past oceanographic and atmospheric conditions andtheir interactions
is key to understandingthe how the Earth’s climate system might develop in the future.
Ascertaining the interaction of past oceanographic and atmospheric conditionsrelies on
understanding driving mechanismsandin being able to reconstruct past environmental
variables such as sea-surface temperature (SST), sea-surface salinity (SSS), productivity,
and atmospheric CO, concentration.
One way in which past environmentalvariables can be estimated is by proxy-
reconstruction (Weferet al. 1999). This is achieved by converting a measurablevariable
(proxy) from a section of sedimentto an estimate of an environmental variable (e.g.
temperatureor salinity), when the sediment was deposited. This estimate is made based on
a quantified relationship between proxy variable and environmentalvariable from the
present ocean. Therefore, palaeoceanographic reconstruction consists of two distinct
phases:i) determininga reliable relationship between proxy and environmentalvariable
and ii) measuring the proxy variable in the sedimentary record.
Additionally, the potential interaction of palaeoceanographic processes with
palaeoclimate may be understood by quantifying mechanisms which are knownto have an
effect in the present ocean — atmosphere system. For example, the relationship between
the sulphide compound dimethylsulphide (DMS)being released from the upper ocean and
cloud formation has been extensively researched as a potential driver of palaeoclimate
since the inception of the hypothesis more than twenty years ago (Charlsonet al. 1987).
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Understanding of such mechanisms can come from empirical oceanographic
measurements, laboratory experiments, and from mathematical modelling.
This thesis will focus on i) improvingthe reliability of relationships between
proxies and environmental variables andii) quantifying a mechanism ofpotential ocean —
atmosphere interaction. Specifically this thesis aims to address a subset of proxies and
mechanismswhichrelate to the marinealgal species Emiliania huxleyi, the nature of which
are now discussed.
1.2 Proxies and processes based on E. huxleyi
1.2.1 E. huxleyi-based proxies
E. huxleyi is a unicellular marine photosynthetic algae with a global distribution
(Paasche 2002). As such it growsin the upper several hundred metres of the ocean where
there is enough light for photosynthesis (the photic zone). However, E. huxleyi cells
eventually sink out of the photic zone and are ultimately incorporated into sediments on the
ocean floor. Therefore, characteristics of E. huxleyi, such as its morphology and chemical
composition which are determined in the upper ocean,are preserved in the sediment
record.
E. huxleyi leaves both inorganic and organic traces in the sediment record which
both provide several opportunities for palaeoceanographic proxy development (Bijmaetal.
2001; Bollmann and Herrle 2007; Muller et al. 1998; Stoll and Ziveri 2004). Above the
calcite compensation depth the inorganic remains of E. huxleyi in the sediments come in
the form ofcalcite platelets known as coccoliths. These are produced during the lifetime
of the cell and surroundthecell to form what is known as the coccosphere. The organic
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sedimentary traces remaining from cell growth in the photic zone are primarily long chain
(C37) alkenones (methyl ketones). As E. huxleyi is present in abundancein the present
ocean (Paasche 2002), the relationship between the chemistry and morphology ofbothits
alkenones andits coccoliths and the environmental conditions in which it grows can be
quantified.
The use of coccolith morphologyas a proxy for SSS (Bollmann and Herrle 2007;
Bollmann etal. 2009) is relatively new. Palaeo-SSS can be reconstructed from the
relationship between SSSand the dimensionsof coccoliths from the present ocean as
determined by scanning electron microscopy (SEM). Theratio of strontium to calcium
(Sr/Ca) in coccoliths of E. huxleyi and other coccolithophores has been correlated to
calcification rate in laboratory experiments(Stoll et al. 2002a; Stoll et al. 2002b) andis
therefore thought to be an indicator of coccolithophore productivity. The
magnesium/calcium ratio (Mg/Ca) of foraminiferal calcite has long been used as a palaeo-
SST proxy but the use of coccolithophore Mg/Ca in the same wayhasnot been viable due
to problems with sample cleaning (Stoll et al. 2001).
A proxy basedonthe ratios between C37.2, C37.3, and C37.4 alkenones (Us) (Conte
et al. 2006; Prahl and Wakeham 1987) has been commonly used to reconstruct palaeo-SST
(e.g. Sikes et al. 2009). Additionally, the carbon isotope composition of C37.2 alkenones
has been usedto reconstruct both coccolithophore growth rate and sea-surface dissolved
CO) concentrations (Henderiks and Pagani 2007; Paganiet al. 2005).
1.2.2 Whyis E. huxleyi useful as a proxy generator?
A primary reason for the use of proxies based on E. huxleyi is its wide geographical
distribution and abundance. E. huxleyi is found in all parts of the modern ocean (Hegseth
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and Sundfjord 2008; Paasche 2002) except perhaps from extremehigh latitude Antarctic
waters (Gravalosa et al. 2008; Mohanetal. 2008), despite having been recorded from
periantarctic basins such as the Weddell, Ross, and Bellingshausenseas in the late
Quaternary (Villa et al. 2005). Further, E. huxleyi is the most numerous coccolithophore in
the modern ocean (Paasche 2002). Asa result, E. huxleyi-based proxies can be
consistently applied over a large geographical scale. Second, E. huxleyi has been present
in the sedimentary record for the last ~268 kyr and has been the dominant coccolithophore
species since between ~70 and ~80 kyr ago (Thierstein et al. 1977). This timeframe
therefore allows E. huxleyi-based proxies to be applied to questions aboutrecent glacial-
interglacial cycles. Third, the small size (~5-10 wm diameter) of E. huxleyi, combined with
its abundance, allows for very high resolution analysis of sediments comparedto larger
organisms such as foraminifera (often up to 1000 wm).
Onenotable characteristic of E. huxleyi is its ability to form blooms covering up to
~1,000,000 km? (Raitsosetal. 2006) and containing higher than background
concentrations of cells and coccoliths (Balchet al. 1996b; Berge 1962). These seasonal
events are likely to contribute a significant proportion of the E. huxleyi traces in the
sediments. As such, understanding patterns of past bloom occurrenceis important for
interpreting E. huxleyi-based proxy signals (Bijmaet al. 2001).
1.2.3 E. huxleyi as a driver of processes
The chemical properties of ocean surface waters are key to the exchange
(outgassing and dissolution) of elements such as C, N, and S between ocean and
atmosphere and are therefore an important link in the regulation of global biogeochemical
cycles (Andreae and Crutzen 1997; Raven and Falkowski 1999). The abundance of
photosynthetic algae in the photic zone makes them important contributors to the chemical
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composition of the ocean’s surface. While chemical composition of algae varies widely,
coccolithophores such as E. huxleyi are notable for two reasons. First, coccolithophores
produce both organic carbon (sugars, proteins, and lipids) and inorganic carbon(calcite).
The balance of the reactions converting dissolved carbon species in seawater to organic
carbon and calcite is important for determining the carbonate system, and therefore the
capacity of the ocean to absorb or lose CO? to the atmosphere (Zeebe and Wolf-Gladrow
2001). Second, coccolithophores synthesise larger quantities per cell of the sulphur
compound dimethylsulphoniopropionate (DMSP) than other algal groups (Malin and
Steinke 2004). DMSPis the precursor to DMS, which can dissolve in seawater and escape
to the atmosphere, ultimately reacting to form sulphate aerosols. These sulphate aerosols
have the potential to trigger cloud formation and to scatter incomingsolar radiation, thus
having a net climatic cooling effect (Simo 2001).
1.3 Aims and conceptsfor this thesis
Understanding of palaeoceanographic proxies and processesis still being
developed. In somecasesthe relationships between E. huxleyi chemistry and morphology
and environmental parameters have only been derived from a limited subset of
environmental scenarios, and therefore require further validation. In this thesis, data from
E. huxleyi culture experiments are used to test current hypotheses regarding these
relationships.
E. huxleyi is easy to isolate and grow underlaboratory conditions in comparison to
most other coccolithophores and therefore E. hux/eyi cultures are a popular analytical tool
(Probert and Houdan 2004). Data generated by culture experiments have several
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advantages overin situ (i.e. oceanographic) data collection. First, cultures allow specific
hypotheses to be tested. This is primarily achieved through the experimental control of
most, if not all, major environmental parameters. For example, to test for a relationship
betweensalinity and coccolith size (see Chapter 2), variables such as temperature,light
intensity, nutrient supply and genotype can be kept constant while only salinity is varied.
Second, culture experiments providea relatively inexpensive and fast method of obtaining
data comparedto an in situ approach. Asa result, there are a large numberofwell
constrainedliterature data available for analysis.
Assuch, this thesis relies on E. huxleyi culturesas either, 1) a method ofcontrolling
variables (Chapters 2, 4, and 6) or ii) a method of obtaining a muchlarger quantity of data
than would otherwise be possible (Chapters 2, 3, and 5).
1.4 Structure of chapters
Chapter 2—Presents original experimental culture data examiningthe relationship
betweensalinity and E. huxleyi coccolith morphology (used for palaeo-sea-surface salinity
(SSS) reconstruction). These new data are synthesised with those from the literature and
implications for palaeo-SSSreconstruction are discussed.
Chapter 3—Presents a meta-analysis of size estimates of E. huxleyi cells from
literature experimental culture data. This chapter also discusses the implications for
reconstruction of palaeo-sea-surface aqueous CO, concentration which uses E. huxleyi cell
size as an input variable.
Chapter 4—Uses experimental culture data from the literature on Sr incorporation
into coccolith calcite to estimate the effect of E. huxleyi bloom formation on coccolith
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Sr/Ca based on a Rayleigh distillation model. Implications for the reconstruction of
coccolithophore palaeoproductivity using Sr/Caas a proxyare discussed.
Chapter 5—Presents a meta-analysis of E. huxleyi growth rate in response to
temperature from literature experimental culture data. Additionally, this chapter provides
improvedestimates of this growth rate — temperature responseto be used as an input
variable in oceanographic models of E. huxleyi bloom formation.
Chapter 6—Presents original experimental culture data examiningthe effect of
salinity on the production of DMSP,the precursor to climatically importantsulphate
aerosols. Implications for biogenic DMSPproduction at the Last Glacial Maximum
(LGM)are discussed.
Chapter 2 is based on a published manuscript ((Fielding et al. 2009) see
Appendices). All other chapters are presented in the form in which they are to be
submitted for publication. Chapters 3 and 4 are to be submitted to Paleoceanography,
Chapters 5 and 6 are to be submitted to Limnology & Oceanography.
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2 Assessing the applicability ofEmiliania huxleyi
coccolith morphologyas a sea-surface salinity proxy
2.1 Abstract
Culture experiments were usedto assess the applicability of Emiliania huxleyi
coccolith morphology as a palaeo-sea surface salinity (SSS) proxy. Coccolith morphology
was dependent onsalinity over a range reflecting present day marine conditions; both
coccolith size and the numberof coccolith elements increased linearly with increasing
salinity. Using regression analysis, the effect of salinity on coccolith morphology was
compared to those previously observed in sediment core-top and plankton data. No
significant differences were found betweenthe slopesofthese data, suggesting that salinity
is the primary control on E£. huxleyi coccolith size and element numberin the ocean.
However, the intercepts of the culture data were significantly higher. A combination of
experimental and literature analysis indicated that temperature and nutrients were unlikely
to be the causes of this discrepancy. Literature analysis also highlighted that coccolith size
data from marginal environments displayed different intercepts to those from the open
ocean data. This suggests that discrete morphotypes exist in these marginallocations. It is
therefore recommendedthatthe original E. huxleyi coccolith morphology palaeo-SSS
transfer function requires further evaluation before being routinely applied.
2.2 Introduction
The ability to reconstruct historical sea-surface salinity (SSS) patterns is essential
to understanding past ocean circulation and climatic change (Hay 2008; Hayet al. 2006).
However, unlike temperature, palaeo-SSSstill cannot be reconstructed with reliability
using either oxygen isotope residuals (Rohling 2000; Rohling 2007; Schmidt 1999)or
dinoflagellate cyst morphology (De Vernalet al. 2001). As a step towards addressingthis
problem, recent studies (Bollmann and Herrle 2007) have indicated that the morphology of
external calcite plates (coccoliths) of the ubiquitous and abundant coccolithophorid
Emiliania huxleyi may provide a useful proxy with which to reconstruct SSS. Analysis of
sediment core-top samples (approximately Holocenein age) has revealed that E. huxleyi
coccolith size is linearly related to present annual mean SSS between 33 and 39, though the
relationship deviated from linear outside this range (Bollmann and Herrle 2007). Further,
a linear relationship between coccolith size and in situ SSS (32 — 39) has been
demonstrated for E. huxleyi plankton samples (Bollmann et al. 2009). Correlations between
ocean SSSand coccolith morphology are encouraging for the use of coccoliths as a proxy
for palaeo-SSS reconstructions. However, a direct relationship needs to be established
betweensalinity and E. huxleyi coccolith morphology under controlled laboratory
conditions to assess the robustness of such a proxy. To date, culture studies have indicated
that reduced salinity (14 — 34) affects coccolith morphology in somestrains of E. huxleyi
(Greenet al. 1998; Paascheet al. 1996). However, the limited numberofsalinity
treatments makes the quantification of this relationship difficult. Further, the limited
overlap between previous experimental measurements and the present SSS range (mostly
between 33 and 38) precludes comparison of this effect with data from environmental
samples.
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In this study coccolith morphologyis assessed using E. huxleyi cultures grown in
the laboratory over a broad rangeofsalinities (26 — 41). As temperature mayalso affect
coccolith morphology (Watabe and Wilbur 1966), the effect of temperatures between 10°C
and 20°C on coccolith size is also tested. Finally, these laboratory-based measurements of
the coccolith morphologyvs.salinity relationship are explicitly compared with those made
from sediment core-top and plankton samples to establish whether a consistent trend
between morphologyandsalinity occurs. In this way the general applicability of E.
huxleyi coccolith morphology as a proxy for palaeo-SSSis assessed. This analysis reveals
a direct relationship between coccolith morphology andsalinity consistent with
observations from sediment core-top and plankton samples. However, there were
differences between the intercepts of the experimentally derived coccolith morphologyvs.
salinity relationships and those for the environmental samples, and potential environmental
and geographic reasonsfor these inconsistencies are discussed.
2.3 Methods
2.3.1 Culturing and morphological analysis
Emiliania huxleyi strain PLY B92/11 (isolated from Bergen Fjord, W. Norway) was
grown in semi-continuousbatch culture (Brandet al. 1981) in borosilicate glass tubes (13
mm diam.) eachfilled with 15 mL ofartificial sea water (ASW) at ~30 wmol photons m? s
' (broadly representative for natural E. huxleyi growth conditions, (Cortes et al. 2001; Kirk
1994) continuous light (Philips TL-D/865 Super 80). The use of continuouslight ensured
cultures did not undergo synchronised division, which couldbias results (Mulleret al.
2008). ASW was madeusing deionised water, 0.5 g Tricine L’! (Sigma, T-0377) to
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preventprecipitation of salts during autoclaving, and variable concentrations of synthetic
sea salt (Ultramarine, Waterlife Research Industries). After autoclaving, f/2 enrichment
media was added (Sigma, G0154; (Guillard 1975)). Salinities were determined using an
Autosal 8400 (Guildline Instruments).
Cultures were grownat 10 salinities (between 18 and 41) and at four temperatures
(between 10°C and 20°C). Oneculture wasacclimated to each treatment for >10
generations (as determined by light microscopy cell counts — see Appendix 2.1).
Throughout acclimation and subsequent experimentation, cultures were mixed twice daily
and maintained in exponential growth phaseatcell concentrations below 3.0 x 10° cells
mL”. Acclimated specific growth rates were between 0.05 and 0.7 d'! (salinity gradient)
and 0.2 and 0.95 d’' (temperature gradient). In mid-exponential phase, one sample from
each treatment was taken for coccolith morphological analysis using a scanning electron
microscope (SEM). Samples werefiltered onto a polycarbonate filter (0.4 wm poresize),
rinsed in NH4OH-buffered H2O (pH 8.5), mounted on stubs, and sputter-coated with ~15
nm of gold-palladium. Cultures grown below salinity of 26 failed to produce sufficient
coccoliths and were excluded from analysis.
Images were captured using a Philips XL30 SEM on 30 detached,flat-lying
coccoliths per sample. Length and width of both the coccolith distal shield (DL and DW,
respectively) and the central area (CAL and CAW,respectively) were measured and the
numberofdistal shield elements (NE) was counted (Fig. 2.1) using ImageJ 1.38
(http://rsb.info.nih.gov/ij/) at a resolution of 0.008 um. Measurements were calibrated
using 2 wm microsphere standards (Duke Scientific). The mean values of each
morphological variable were calculated for each treatment.
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2.3.2 Statistical analysis
Least squares linear regressions of each morphological variable as a function of
salinity were calculated from data collected at 15°C, and slopes were tested against the null
hypothesis that they were not significantly different from zero (f-test, a = 0.05; Zar 1999).
Data collected at 10, 17, and 20°C were tested against the predicted value from the 15°C
regression equation to determine if temperature had a significant effect on coccolith
morphology(f-test, a = 0.01 after Bonferroni correction; (Sokal and Rohlf 1995; Zar
1999),
2.3.3 Literature analysis
Coccolith distal shield and central area length and width data from sedimentcore-
top and plankton samples with salinities between 32 and 39 (Bollmann and Herrle 2007;
Bollmann et al. 2009) were used to determine the slope and intercept of each morphology —
salinity relationship. The slopes and intercepts from this study were then comparedto the
field data (t-test, a = 0.05; Zar 1999). Dueto significant differences between intercepts
(see Results), number of element data were also obtained from 22 sediment core-tops used
in previous analyses (Bollmann and Herrle 2007) and compared to the culture results. A
significant difference between the intercepts of the two numberof element datasets
promptedfurtheranalysis of the literature, whichis dealt with in the Discussion. The
locations ofall sediment core-top, plankton, and culture samples usedin this analysis are
shown in Fig. 2.2 (see Table 2.2 for details).
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2.4 Results
2.4.1 Culture coccolith morphology vs. salinity relationships
The length and width of both the coccolith distal shield and central area and the
numberof distal shield elements of E. huxleyi grownin culture were significantly related
to salinity in a positive linear fashion (Table 2.1). The variable best related to salinity was
distal shield length (Fig. 2.3A), although distal shield width and central area length and
width all gave high r values compared to the numberof elements (Table 2.1). Coccoliths
grownat 10, 15, 17, and 20°C werenotsignificantly different in size.
Coccolith distal shield length varied within each treatment by a standard deviation
of ~0.4 um. However, for the purposes of determiningthe salinity - morphology response
the linear regression through mean coccolith distal shield lengths for eachsalinity
treatment yielded a standard error of <0.01 um.
2.4.2 Culture comparison with plankton and sediment core-top data
There were nosignificant differences betweenthe slopesof the salinity vs.
morphologyrelationships derived from plankton and sediment core-top samples and those
derived from laboratory measurements madein this study (Fig. 2.3B; Table 2.1).
However,the intercepts of the culture data were significantly higher than those of both
plankton and sedimentcore-top datasets (Fig. 2.3B; Table 2.1).
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2.5 Discussion
2.5.1 Culture coccolith morphology vs. salinity relationships
The linear increase of E. huxleyi coccolith morphological variables with increasing
salinity between 26 and 41 observedin this study supports the trends observed in previous
culture work. Using salinities between 14 and 34, three out of four £. huxleyi strains,
including the strain used here, produced smaller coccoliths at lowersalinities (Green etal.
1998; Paascheet al. 1996). The culture results presented here build on these studies and
show that morphological variables also respond to salinity over the range encountered in
the present ocean (mostly between 33 and 38). Therefore, comparisons can be madeofthe
relationships between coccolith morphology and salinity observed in the laboratory and
those observed in thefield.
2.5.2 Culture comparison with plankton and sediment core-top data
Both sediment core-top and plankton analyses (Bollmann and Herrle 2007;
Bollmann et al. 2009) found E. huxleyi coccoliths to increase in size linearly with
increasing salinities from 32 to 39 (sediment core-top data outsidethis salinity range are
discussed later). The degree of high similarity in slopes between the coccolith morphology
vs. salinity regressions for culture and for plankton and sedimentcore-top data (Fig. 2.3B;
Table 2.1) supports the hypothesis that salinity increase causes the linear change in E.
huxleyi coccolith size observed in the ocean (Bollmann and Herrle 2007). However, the
higher intercept of the morphological data presented here indicates that the absolute sizes
of coccoliths at any given salinity may be larger for culture than for environmental samples
(Fig. 2.3B; Table 2.1). Therefore, here it was investigated whetherculture conditions or
other factors might be responsible for this size difference. For this coccolith distal shield
25
length data from this study and from the literature (where exact locations andsalinities
were known) were used.
2.5.3 Environmentaleffects on coccolith size
First, temperature has been shownto affect coccolith size in one EF. huxleyi strain
(Watabe and Wilbur 1966). For the strain used here, however, coccolith size remained
stable at different temperatures (Fig. 2.3A). Further, the temperature range used in this
study (10 — 20°C) encompasses ~35% of the data used in both plankton and sedimentcore-
top studies (1 — 30°C; (Bollmann and Herrle 2007; Bollmann et al. 2009). Second,the
nutrient replete conditions used in cultures differ from those experienced in the ocean and
could be hypothesised to have caused the difference in intercepts. However, E. huxleyi
coccolith size from other cultures grown in nutrient replete media (Table 2.2) correspond
with both sediment core-top and plankton data and culture data from this study (Fig. 2.3C).
Finally, the low light levels and growth rates (see Methods) experiencedbycells in this
study could also be hypothesised to have affected coccolith size. However, corresponding
with the results in this study are coccolith size data (Green et al. 1998) from the samestrain
as is used here that were cultured at high light intensities (200 wmol photons m” s") and
experienced higher growth rates (1.0 and 1.6 d'; (Paascheet al. 1996)). Further, the
growth rates experiencedin this study were not linearly related to coccolith size (see
Appendix 2.1B). Therefore, differences in temperature, nutrient and light levels, and
growth rate do not appear to provide reasonable explanations of the observed size
discrepancy.
While in this study salinity appears to be the main factor related to coccolith size
increase, it should be noted that carbonate system components co-vary with salinity (see
Appendix 2.2). As coccolith calcification is implicit in the carbonate system it might
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reasonably be hypothesised that changes in the carbonate system might affect coccolith
size. In this study a positive relationship between coccolith size and total dissolved
inorganic carbon (DIC)is implied. Indeed, previous work has shownthat an increase in
DIC through CO,-bubbling canresult in larger coccolith sizes (Iglesias-Rodriguez etal.
2008). Therefore, the effect of DIC should be viewed as a potential mechanism for
controlling coccolith size.
2.5.4 Biogeographic effects on coccolith size
Previous work suggests that coccoliths from Norwegian coastal waters belong to a
larger morphotype than thosein other regions (Batvik et al. 1997). Indeed, the strain used
in this study (PLY B92/11) was isolated off the western coast ofNorway in 1992. Further,
data collected in 1991 at the start of mesocosm experiments (Batvik et al. 1997) from the
samelocation (as the PLY B92/11 isolation site) correspond well with the culture data
presented here when analysedas a function oftheir in situ salinity (Fig. 2.3C). Finally,
data from cultured strains of E. huxleyi and sediment core-top samples (not corresponding
with the linear salinity vs. morphologyrelationship) from the Oslofjord and the Skagerrak
(Table 2.2) correspond well with other data from Norwegian coastal waters (Fig. 2.3D).
Therefore, environmental data support the high intercept of the new culture results
presented here. This provides strong evidence in favour of the suggestion (Batviketal.
1997; Young 1994) that E. huxleyi populations from south-west Norwegian coastal waters
belong to a local subtype (Fig. 2.3D).
Previously there has been assumedto have been a difference in E. huxleyi coccolith
sizes between the two morphotypes A and B (Van Bleijswijk et al. 1994); type B being
bigger than type A. However,the larger coccoliths from Norwegian coastal waters
observed in this study belong to morphotype A (Batvik et al. 1997; Paasche et al. 1996).
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Coccolith sizes from sediment core-top samples in two further geographic regions —
the northern Red Sea, and the Black Sea — appear to deviate from the open ocean plankton
and sediment core-top data (Fig. 2.3D). This may also indicate separate morphotypes in
these marginal environments, although these data arestill sparse. Nevertheless, these data,
combined with those from Norwegian coastal water, suggest that E. huxleyi in marginal
environments are morphologically different to those in the open ocean (Fig. 2.3D). The
existence of genetic divides between populations from marginal waters and from the open
ocean has been noted on the groundsofphysiological and biochemical evidence (Conteet
al. 1995; Paasche 2002). This recognition of biogeographic constraints on E. huxleyi
morphotypesis an important step in the developmentof the original palaeo-SSS transfer
function (Bollmann and Herrle 2007). The proxy proposed by Bollmann and Herrle (2007)
is potentially still applicable to the open ocean whereits calibration dataset displayed a
linear salinity vs. coccolith morphology response. However, this study has shownthat the
original proxy is not universally applicable. Analyses of E. huxleyi strains from both
marginal and open oceansettings are now required to ascertain the generality of the
morphological divide.
2.5.5 Conclusions
In conclusion, the culture data presented in this study support a direct relationship
between E. huxleyi coccolith morphology andsalinity. This is consistent with observations
from sediment core-top and plankton samples and reaffirms the potential of E. huxleyi
coccolith morphologyas a palaeo-SSS proxy. However, coccoliths from Norwegian
coastal waters, the Black Sea, and the Northern Red Sea, deviate from the linear response
observedin the open ocean,likely indicating different morphotypes in non-open ocean
settings. It is, therefore, recommendedthat the coccolith morphology palaeo-SSS proxy
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proposed by Bollmann and Herrle (2007) requires further evaluation before its routine
application.
29
Table 2.1. r’, (a) intercept, and (b) slopefor linear regressions of E. huxleyi coccolith
morphologicalvariables (distal shield length (DL), distal shield width (DW), central area
length (CAL), central area width (CAW), and number of elements (NE))for this culture
study, plankton samples (Bollmann et al. 2009), and sediment core-top samples between
salinities of 33 and 39 (Bollmann and Herrle 2007). t-test P values are shown where bold
values denote a significant difference (a = 0.05) for comparisons of both intercept and
slope of plankton and sedimentcore-top datasets with those ofthis culture study.
 
Culture Plankton Sediment
r a b r a b Pla) Pb) Pr a b -P(a)_~P(b)
DL 0.95 1.39 0.07 0.65 -0.84 0.11 5.436 0.414 0.67 0.86 0.07 5.411 0.409
DW 0.94 0.98 0.06 0.48 0.05 0.07 5.643 0.335 0.69 0.4] 0.06 5.527 0.332
CAL 0.87 0.90 0.03 0.81 -3.05 0.13 5.012 0.285 0.20 0.46 0.02 5.430 0.347
CAW 0.93 0.30 0.03 0.74 -2.30 0.09 4.973 0.218 0.04 0.45 0.01 5.392 0.280
NE 0.75 263 035 - - - - - 047 8.98 0.61 2.858 1.477
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Fig. 2.1. Coccolith of Emiliania huxleyi, showing distal shield length (DL) and width
(DW), central area length (CAL) and width (CAW), and distal shield elements.
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al. 1998; Paascheet al. 1996)), and mesocosm (squares; (Batvik et al. 1997)) samples. See
Table 2.2 for details.
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Fig. 2.3. E. huxleyi coccolith distal shield length measurements from this study and from
the literature as a function ofsalinity. Solid lines represent linear regressions, dotted lines
represent the 95% confidenceinterval. (A) Culture results from this study grown at 10°C
(filled circles), 15°C (open circles), 17°C (filled triangles), and 20°C (opentriangles).
Linear regression is only through data from 15°C experiments. Standard deviation for each
data point is ~0.4 wm. (B) Culture results from this study (open circles) and data from
plankton and sediment core-top samples betweensalinities of 32 and 39 (opentriangles;
(Bollmann and Herrle 2007; Bollmann et al. 2009)). Linear regression is through data for
all temperatures. (C) All literature data separated by sample type: culture results from this
study (open circles), data from plankton and sedimentcore-top samples betweensalinities
of 18 and 40 (opentriangles; (Bollmann and Herrle 2007; Bollmann et al. 2009)), other
nutrient replete cultures (filled circles; (Beaufort et al. 2007; Green et al. 1998; Paascheet
al. 1996)), and data from the start of mesocosm experimentsoff the coast of western
Norway(filled diamonds; (Batvik et al. 1997)). (D) All literature data separated by sample
location: plankton and sediment core-top samples from open ocean environments (open
inverted triangles), cultures from open ocean environments(filled inverted triangles), all
data from Norwegian coastal waters (open circles), and sediment core-top samples from
the northern Red Sea(filled triangles) and the Black Sea(filled squares). See Table 2.1 for
more information about sample locations.
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Appendix 2.1. (A) Example growth rate calculation curve showing the exponential
increase in cells over time during exponential growth phase. (B) Relationship between
salinity and specific growth rate for strain PLY B92/11 usedin this study.
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Appendix 2.2. Carbonate chemistry of seawater of varying salinities and at 15°C and 360
ppm atmospheric pCO. Therelationship betweensalinity and total alkalinity (Ay) was
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taken from Leeetal. (2006). Other carbonate system parameters include dissolved
inorganic carbon (DIC), aqueous CO? (CO2aq), bicarbonate ion (HCO3), carbonate ion
(CO3~), and pH. Parameters werecalculated using co2sys
(http://cdiac.ornl.gov/oceans/co2rprt.html).
 S Ar (zmol DIC (umol COrag (mol HCO; (umol CO3” (umol Hkg) kg") kg") kg) kg’) P
20 1513.95 1430.76 14.61 1349.83 66.31 7.97
D2 1621.89 1521.89 14.45 1430.07 77.37 7.99
24 1729.83 1611.72 14.29 1508.13 89.30 8.01
26 1837.77 1700.21 14.13 1583.92 102.15 8.02
28 1945.71 1787.31 13.97 1657.34 116.00 8.04
30 2053.65 1872.99 13.82 1728.25 130.91 8.05
32. 2161.59 1957.17 13.66 1796.51 146.99 8.07
34. 2269.53 2039.78 13.51 1861.94 164.33 8.08
36 2377.47 2120.76 13.36 1924.35 183.05 8.09
38 =2485.41 2200.01 13.21 1983.52 203.27 8.10
40 2593.35 2277.44 13.07 2039.23 225.14 8.11
42. 2701.29 2352.95 12.92 2091.23 248.80 8.12
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3 Revised parameterestimates of Emiliania huxleyi
volumeto surface area ratio for alkenone-based
reconstructions of atmosphericpCO,
3.1 Abstract
The applicability of cell size-correction of the alkenone isotope palaeo-sea-surface-
COproxy was assessed. Literature culture experiment data (n = 266) were collated to
provide an improved parameterestimate for Emiliania huxleyicell size. This updated
estimate was then applied to previous palaeo-CO} reconstructions. The mean and range of
E. huxleyi cell size were significantly different to those previously used, although this
difference was not due to environmental variables or biogeographic differences between
strains. Updated records of sea-surface-CO2 follow the same general pattern as those made
previously. However, inclusion of the updated cell size parameters approximately equate
to a doubling of the error associated with reconstructing sea-surface-CO2. Conversion of
sea-surface-CO)? records to atmospheric pCO,still broadly agrees with records derived
from stomatal indices and boronisotopes. It is recommendedthat the revised E. huxleyi
cell size estimates should be incorporated in future attempts to reconstruct sea-surface-CO2
using alkenoneisotopicratios.
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3.2 Introduction
Accurately reconstructing past variation in the partial pressure of CO2 (pCO?) in the
atmosphereis essential to understanding howit has interacted with climate. One approach
to atmospheric pCO) reconstruction is to first reconstruct the COconcentration in past
ocean surface waters ([CO2(aq)]), Which can then be converted to pCO,. This technique
uses sedimentary records of the carbon isotope fractionation of alkenone molecules that
wereoriginally produced by surface water-dwelling haptophyte algae (Jasper and Hayes
1990). Alkenone carbonisotope fractionation has a known relationship with [CO2(aq)]
(Pagani et al. 2005), and can therefore be used for reconstruction. However, it has been
shownthat algal cell geometry (namely the volumeto surface area ratio; V:SA) also affects
carbon isotope fractionation (Poppet al. 1998b). Subsequently, records of [CO2(aq)]
derived from alkenone carbon isotopes have been adjusted by using the V:SA offossil
haptophyte algae (Henderiks and Pagani 2007; 2008). This adjustment is made by dividing
fossil haptophyte cell V:SA by the V:SA ofcells of the modern haptophyte alga Emiliania
huxleyi, which is the main source of alkenonesin the present ocean together with
Gephyrocapsa (Marloweet al. 1990). The V:SA of E. huxleyi is taken to be 0.9+0.1 um,
based on a small number of measurements from a single study (Poppet al. 1998b).
However, the small sample size andrestricted geographical distribution of this estimate
lacks statistical power. Moreover, there is strong evidence for substantial variation in E.
huxleyi geometry (Bollmann and Herrle 2007; Bollmann etal. 2009; Fielding et al. 2009;
Paasche 2002). Therefore, as E. huxleyi cell geometry is frequently reported in the
literature, it is timely to reassess the estimates of E. huxleyi V:SA currently used for
palaeo-atmospheric pCOreconstruction.
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This study aimsto (1) collate all available E. huxleyi cell geometry data from the literature
to provide a revised estimate of V:SA,(2) assess the effect of the revised V:SA estimate on
the calculation of sea-surface-[COx(aq)| and atmospheric pCO, and (3) apply the revised
V:SA estimate to the calculation of established recordsof sea-surface-[CO2,aq)] and
atmospheric pCO? for the Cenozoic.
3.3 Methods
All suitable E. huxleyi cell (excluding the coccosphere) geometry data were
obtained from the literature (see Table 3.1). Where only organic carbon per cell was given
it was convertedto cell volume using the relationship given by Montagnesetal. (1994).
Conversion betweencell diameter, volume, and V:SA wascalculated assuming spherical
geometry. Data from culture material fixed in Lugol’s iodine were not usedasthis is
known to causecell shrinkage (Montagneset al. 1994).
MeanE. huxleyi V:SA wastested against the null hypothesis that it was not significantly
different from the previously-used estimate of 0.9 um (Poppetal. 1998b) using /-test.
The meansofdata from the open-ocean and from Norwegian coastal isolates were also
compared. Norwegian coastal water isolates were classed as being from western
Norwegian fjords, Oslofjord, and the Skagerrak;all other data were classed as open-ocean
(see Fig. 3.1). Ordinary least squares regression was then used to determine whether
culture conditions (temperature, photon flux density (PFD), and salinity) were significantly
related to V:SA.
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3.4 Results
Available E. huxleyi cell V:SA data were derived from diverse geographic locations
(Fig. 3.1; Table 3.1) and from a broad range of experimental temperatures (4 — 25°C),
PFDs(6 — 600 umol photons m”s”), andsalinities (30 — 36). V:SA data varied between
0.43 and 1.21 wm, and were normally distributed around a mean V:SA of 0.82 wm with a
standard deviation of ~0.5 um (Fig. 3.2).
MeanE. huxleyi V:SA wassignificantly different (a = 0.001) to the previously-used value
of 0.9 um (Poppet al. 1998b). Further, there was nosignificant difference (a = 0.001)
between the means of data from the open-ocean and those from Norwegian coastal waters.
However, a weakyet significant positive linear relationship was found between V:SA and
PFD (a = 0.001; 7” = 0.07), althoughnosignificant relationships were found between
V:SA and either temperatureor salinity (a = 0.001) (see Fig. 3.3).
3.5 Discussion
3.5.1 Revised V:SA estimates
The revised range of E. huxleyi V:SA presented here provides improved parameter
estimates for the reconstruction of sea-surface-[CO2,aq)], and thus for calculating past
atmospheric pCO. Previously the V:SA of E. huxleyi, used to reconstruct upper and lower
confidenceintervals for past sea-surface-[CO2(aq)], was assumed to be 0.9+0.1 um based on
a small number of measurements from twoculture isolates (Popp et al. 1998b). However,
by using a large sample size (n=266) of isolates from widely dispersed biogeographic
provinces and a broad rangeof culture conditions (Fig. 3.1; Table 3.1), the dataset
presented here greatly improves the accuracy and applicability of these estimates.
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Nevertheless, the conversion of a proportion of the dataset from measurements of organic
carbonpercell into cell size (see Methods)is likely to introduce additional error into the
revised estimates of V:SA presented here. However, data derived from organic carbon
measurements only comprise <30% ofthe total dataset.
The mean and range of E. huxleyi V:SA measured here (0.82+0.39 um) are
significantly different to those previously used to reconstruct palaeo-pCO> (Henderiks and
Pagani 2007; 2008). However, the revised dataset is derived from a broader spectrum of
biogeographic locations and environmental conditions, and this may affect V:SA.
Therefore, the dependence of V:SA on thesefactors is discussed.
3.5.2 Environmental and biogeographic effects on V:SA
Previously, both environmental conditions and the biogeographic provenance ofE.
huxleyi isolates and samples were seen to impact their morphometry (Bollmann and Herrle
2007; Bollmann etal. 2009; Fielding et al. 2009; Paasche 2002). Therefore, the V:SA data
presentedin this study are potentially biased by these factors.
First, isolates and samples of E. huxleyi from Norwegian coastal waters havelarger
coccoliths than their open-ocean counterparts (Fielding et al. 2009). As coccolith size is
often assumedto be proportionalto cell size (and therefore V:SA), the inclusion of
Norwegian coastal isolates in the dataset presented here may skew the mean and maximum
V:SA towards higher values. However, there is no significant difference between the
means ofNorwegian coastal water and open-oceanisolates. Further, the maximum V:SA
ofNorwegian coastal water data was lowerthan that of open-ocean E. huxleyiisolates.
Therefore, the difference betweenthese two biogeographically restricted groups observed
for coccolith morphology does not appearto hold true for cell morphology.
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Second,salinity is linearly related to coccolith sizes across the range observedin
this study (30 — 36) (Bollmann and Herrle 2007; Bollmann et al. 2009; Fieldinget al.
2009). Again, assuming coccolith size is proportionalto cell size and therefore V:SA,
salinity would be expected to have an effect on the V:SA data in this study. Salinity values
are only available for approximately half of the dataset (n=130), although where it was not
reportedit is unlikely to have been far outside 30 — 36. Nevertheless, for the subset of the
data where it is available, salinity cannot explain variation in V:SA suggesting thatcell
size is not directly related to coccolith size.
Finally, low PFD can cause a reduction in E. huxleyi cell V:SA, while phosphorus
limitation can cause E. huxleyi V:SA to increase (Paasche 2002). Further, temperature is
often negatively correlated with cell size for a wide variety of protists (Atkinsonet al.
2003). Only 5% of the data presented here are from phosphorus-limited culture, and as
such are unlikely to bias results. However, the data are derived from a large range of PFDs
and temperatures (see Results). While, temperature is not significantly related to V:SA,
the weak relationship between PFD and V:SA mayexplain someofthe observed variation
in this dataset. However, data are evenly distributed across the range of PFDs. Therefore,
even though low light may skew V:SA toward lowervalues, the distribution of the data
across the environmental range meansthat this is unlikely to significantly biasresults.
3.5.3 Potential implications for CO, reconstruction
The revised E. huxleyi V:SA estimatesare clearly different from those made
previously. However,it is pertinent to quantify the impactof this difference on alkenone-
based reconstructions of past sea-surface-[CO>,aq)] (e.g. Henderiks and Pagani 2008).
Figure 3.4 highlights the impact of using revised comparedto original E. huxleyi V:SA
estimates across the ranges of alkenone carbonisotope fractionation and fossil cell V:SA
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that are found in the sedimentary record (Henderiks and Pagani 2008). This analysis
showsthat the difference between original and revised sea-surface-[COnaq)| increases
towards higher values of fossil V:SA and alkenone carbonisotope fractionation. However,
both fossil V:SA and alkenone carbonisotope fractionation vary independently in the
sedimentary record (Henderiks and Pagani 2008), and therefore, the impact of the revised
estimates of E. huxleyi V:SA on these data is quantified.
3.5.4 Revised alkenone-based Cenozoic CQ) reconstruction
The longest available record of sedimentary alkenone carbon isotope fractionation
and cell V:SA over the Cenozoic (Henderiks and Pagani 2008) is used here to assess the
implications of the revised E. huxleyi V:SA estimates. The mean and upper and lower
confidenceinterval for Cenozoic sea-surface-[CO2(aq)] can be calculated in the same way as
Henderiks and Pagani (2008) using the mean and 95% confidence intervals for both
previously-used (Poppet al. 1998b) and revised E. huxleyi V:SA to give original and
revised estimates for [CO2(aq)]. There is no difference in the generaltrend of both original
and revised [CO2(aq)] reconstructions (Fig. 3.5), although the original FE. huxleyi V:SA
underestimates mean [COd(aq)] throughout the time period examined (Fig. 3.5). Revised
mean [COd(aq)] is ~1 “mol kg’! higher in the Miocene and up to ~3 wmol kg” higherin the
Eocene. Further, confidence intervals for revised [CO2(aq)] are larger than those for
original [CO2,aq)].. Confidence intervalsare still small for revised Miocene estimates but
are ~6 mol kg” wider than those estimated using the original E. huxleyi V:SA. This
difference is more noticeable in the Eocene where revised confidenceintervals for [CO2,aq)]
are ~30 uwmol kg” larger than the original (Henderiks and Pagani 2007) (Fig.3.5).
Notably, throughout the time interval studied, error estimates for [CO2,aq)] were
consistently around double those made previously.
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These differences in [COv(aq)] can be converted to equivalent atmosphericpCO
using the solubility coefficient for CO2 (Weiss 1974), and assuming equilibrium between
seawater and the atmosphere. Thesolubility coefficient is dependent on temperature and
to a lesser extent on salinity. Therefore, previous conversions from [COaq] to pCO2 were
adjusted (Henderiks and Pagani 2008) using palaeo-sea-surface temperature records
derived from oxygen isotopes (Zachoset al. 2001). However, oxygen isotope-derived
temperaturesare affected by global ice volume and changesin varyinglatitudinal
evaporation and precipitation. Therefore, as the Cenozoic record spansthe onset of
Antarctic glaciation (~33 Myr ago), their application to this dataset is not straightforward.
Therefore, as the Cenozoic data are from temperate open-ocean sites (Henderiks and
Pagani 2008), the conversion between [COoaq)] andpCO made here assumesa
temperature of 18°C and salinity of 35. Conversion of sea-surface-[CO2(aq)| to
atmospheric pCO)in this fashion yields an upper confidence interval forpCO. of up to
~500 p.p.m. (Miocene), ~3100 p.p.m. (Eocene-Oligocene boundary), and ~2100 p.p.m.
(Eocene), while mean revised pCO) is on average ~100 p.p.m. higher than the original
(Fig. 3.5). However, these values should be interpreted with caution as sea-surface
temperatures andsalinities are unlikely to have been constant through time(e.g. Hayet al.
2006). Nevertheless, the revised E. huxleyi V:SA presentedin this study introduces added
butrealistic uncertainty into estimates of palaeo-atmospheric pCO>.
3.5.5 Cenozoic atmospheric pCO; records
Estimates of atmospheric pCO? derived using other techniques (Demiccoetal.
2003; Pearson et al. 2009; Royer 2006)are available for the time periods immediately
before and after that of the data analysed in this study (16 — 45 Myr ago), with some
overlapping data in the late Eocene (Fig. 3.6). The revised pCO2 record estimated here
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broadly agrees with these other datasets. Revised upper and lowerconfidence intervals
correspond well with the adjacent stomatal and boron isotope-derived estimates in the
middle Miocene, and with those from boron isotope-derived, but not stomatal, pCO
concentrations at the Eocene-Oligocene boundary. However, the upper confidenceinterval
of~2000 p.p.m. at around 45 Myragois at odds with the upper estimates of ~700 p.p.m.
calculated using stomatal and boronisotopic techniques (Fig. 3.6). It has previously been
highlighted that the alkenone-based pCO? proxyloses precision at high values of carbon
isotope fractionation (Royeret al. 2001) such as those observed here in the Eocene; and the
inclusion of upper and lower confidence intervals for E. huxleyi V:SA exacerbatesthis lack
of precision.
3.5.6 Conclusions
The data presented here provide improved parameter estimates of the volumeto
surface area ratio of E. huxleyi, which have been usedto reconstruct past atmospheric
pCO. These revised estimates do notalter the general trend ofpCOz previously observed
over the Cenozoic (Henderiks and Pagani 2008). However, the revised parameter
estimates greatly decrease the precision of such reconstructions compared to the range of
E. huxleyi V:SA used previously. This is especially evident for the higher pCO>in the
Oligocene and Eocene. Nevertheless, it is recommendedthat the revised E. huxleyi V:SA
estimates presented here are used for future pCO? reconstructions, due to their greater
statistical power compared to previous estimates.
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Table 3.1. E. huxleyi isolates used to compile revised estimates of cell V:SA in this study.
Thelatitude and longitude, number of V:SA measurements, and range of V:SA is given for
eachisolate.
 Isolate Lat. Lon. xn  V:SA (um) Reference
88E 43 -68 4 0.89-1.11 (Fernandezet al. 1996a)
Bergen 60 5 4 0.85 (Ramosetal. 2010)
CCMP#1516 3 -83 1 0.86 (Steinke et al. 1998)
CCMP#370 ~=—-60 11 | 0.73 (Steinke et al. 1998)
CCMP#371 32 -62 8  0.81-0.93 (Fenget al. 2008)
CCMP#373.32.—=—i«=6S 4 0.68 - 0.88 (Shawetal.Sehale Sunda and
CCMP#374.  43.—i«=69s7~Sts«2«76 = 0.83 (Bucciarelli etal. 2007: omy et al. 1998; Sunda et
CCMP#378 43 -68 8  0.68- 1.21 (Keller et al. 1999a; Keller et al. 1999b)
CCMP#379 50 -4 1 0.80 (Steinke et al. 1998)
Ch24-90 a7 1 30.43 - 0.68 (Van Bleijswijk et al. 1994)
Ch25-90 57 l 3. 0.45 - 0.71 (Van Bleijswijk et al. 1994)
EH2 -19 148 4 0.69 -0.83 (Sorrosa etal. 2005)
(Bumaet al. 2000; Riegmanet al. 2000; Steinkeet
L 60 11 61 0.61 - 1.05 al. 1998; Van Rijssel and Buma 2002; Van Rijssel
and Gieskes 2002)
MS1 48 -17 1 0.58 (Stoll et al. 2002a)
NAP9 4] 14. 4 0.70-0.77 (Paasche 1999)
NEPCC#55a 50 -145 22 0.76- 1.03 (Prahlet al. 2003)
(Lecourt et al. 1996; Muggli and Harrison 1996a;
Muggli and Harrison 1996b; Needoba and Harrison
NEPCC#732 50-145 400.52 - 0.78 2004: Needobaet al. 2003; Varela and Harrison
1999)
PLY#B92/11 60 5 46 0.76 1.08 (Riebesell et al. 2000; Rost et al. 2002)
PLY#BOF92 48 -17 20 0.65- 1.09 (Paasche 1998; Paasche 1999)
RCC#1212. -34. 17. 4-~—s«O0.97 - 1.02 (Langeret al. 2009a)
RCC#1216 -42 170 4  0.96- 1.03 (Langeret al. 2009a)
RCC#1238 34 140 4 0.93-0.99 (Langeret al. 2009a)
RCC#1256 63 -20 4 1.02 - 1.13 (Langeret al. 2009a)
SC91 58 9 4 0.74 - 0.79 (Paasche 1999)
TWl 4] 2 4 0.63 (Sciandra et al. 2003)
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Fig. 3.1. Locations of open-ocean (circles) and Norwegian coastal water (triangles) E.
huxleyi isolates. See Table 3.1 for details.
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Fig. 3.2. Histogram ofall E. huxleyi V:SA data with a normaldistribution curve (solid
line) around the mean, and the mean and 95% confidence intervals (dashed lines). The
range of E. huxleyi V:SA previously used for atmospheric pCO? reconstructionis also
shown(grey bar; see text).
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Fig. 3.2. E. huxleyi V:SA data as a function of (A) temperature, (B) photon flux density,
and (C)salinity. The dotted line in (B) representsa linear regression (r’ = 0.07). There
were no significant relationships between either temperature or salinity and V:SA (a =
0.001).
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Fig. 3.4. Difference between sea-surface-[COz(aq)] calculated using revised and original E£.
huxleyi V:SA (see text) across a range of fossil alkenone carbon isotope fractionation and
fossil haptophyte V:SA. Higher A values showthatthe original V:SA underestimates sea-
surface-[CO2aq)] compared to the revised value, while lower A valuesindicate an
overestimation. The calculation is made using both small (0.5 wm; dashedlines) and large
(2.0 um; solid lines) fossil V:SA, and using both the lower (thin lines) and upper(thick
lines) 95% confidence intervals for E. huxleyi V:SA. *Equivalent atmospheric pCO;is
shown assuminga solubility coefficient at T=18°C and S=35 (Weiss 1974).
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Fig. 3.5. Alkenone-derived sea-surface-[CO2(aq)] over part of the Cenozoic. [COr(aq)] is
calculated using fossil alkenone carbonisotope fractionation, fossil haptophyte cell V:SA,
and sea-surface phosphate concentration estimates from Henderiks & Pagani (2008),
together with original (Poppet al. 1998b) and revised (this study) E. huxleyi V:SA
estimates. Mean [COraq)] is calculated using the meansof both original (dashed black
line) and revised (solid black line) E. huxleyi V:SA, together with the means ofall other
input variables. Lowerand upperconfidenceintervals (grey lines) were calculated from
minimum and maximum valuesofall input variables, and from the 95% confidence
intervals of original (dashedgreylines) and revised (solid grey lines) E. huxleyi V:SA
estimates. *Equivalent atmospheric pCO. is shown assuminga solubility coefficient at
T=18°C and S=35 (Weiss 1974).
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et al. 2009), and revised alkenone carbonisotope techniques(solid line; this study).
*Atmospheric pCO? records from alkenone carbonisotopesare calculated assuming a
solubility coefficient at 7=18°C and S=35 (Weiss 1974). For potential caveats of this
method see Discussion.
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4 A potential mechanism for elevated coccolith Sr/Ca in
an Emiliania huxleyi bloom
4.1 Abstract
The potential contribution of Emiliania huxleyi bloom formation to coccolith Sr/Ca
is quantified using a Rayleighdistillation box model. Coccolith Sr/Cais currently believed
to be dependent on productivity and temperature. However, this study highlighted that E.
huxleyi coccolith Sr/Ca would also increase with the quantity of coccoliths produced and
with decreasing salinity. Based on measurements ofthe quantity of coccolith produced in
a bloom scenario the maximum effect of a bloom of coccolith Sr/Ca was 0.38 mmol mol”.
This figure is comparable with the variation in E. huxleyi Sr/Cain the sedimentary record
which can be up to 1.30 mmol mol’. Therefore, part of the variation in the sedimentary
Sr/Ca record may be due to bloom occurrencein certain areas of the ocean. The findings
presented here do not negatethe use of coccolith Sr/Ca as a palaeoproductivity indicator.
However, they serveto highlight a potential mechanism for controlling E. huxleyi coccolith
Str/Ca.
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4.2 Introduction
The marine algal group, the coccolithophores, mediate global carbon and sulphur
cycles by synthesising both inorganic carbon, and organic carbon and sulphur.
Reconstructing the past productivity of coccolithophores is therefore important for
understanding their contribution to fluxes of both carbon and sulphuracrossthe air-sea
boundary and from ocean surface-waters to the sediments.
Sedimentary recordsof the ratio of Sr to Ca (Sr/Ca) in coccoliths are positively
related to past coccolithophore production (Rickabyet al. 2007). This relationship has
been supported by culture experiments which suggest that coccolith Sr/Ca increases with
increasing coccolithophorecalcification rate, and to a lesser extent, due to increasing
temperature (Rickabyet al. 2002; Stoll et al. 2002b).
However, trace element incorporation into biogenic calcite has also been
demonstrated to be partly due to the effects of Rayleigh distillation acting through Ca
depletion in the fluid reservoir used for calcification (Elderfield et al. 1996). Primarily, the
relationship between the Sr/Cain the calcification reservoir and the Sr/Ca ofthe calcite at
any instance in time can be defined by the constant exchangecoefficient,
calcite_ Sr/Ca
Sr/Canuig
e=
Rayleigh distillation only occursif the calcification reservoir has a finite volume.
If a < 1, the reservoir Sr/Ca will increase as calcite precipitation preferentially removes a
larger proportion of Ca than it does of Sr from the fluid reservoir. In turn, the changing
reservoir Sr/Ca will act to increase calcite Sr/Ca if the exchange coefficient remains
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constant. Therefore, assumingthecalcification reservoiris of finite volume, calcite Sr/Ca
will be increasingly altered as morecalcite is precipitated.
Coccolith Sr/Ca can, therefore, be affected by coccolithophore calcification rate,
the Sr/Ca of the surrounding fluid reservoir (i.e. seawater), and by the amountofcalcite
precipitated. As highlighted above, calcification rate has a marked effect, both in culture
experiments and in the ocean. Seawater Sr/Ca has varied over time (Stoll and Schrag
1998) but only varies by a small amountin the present surface ocean (De Villiers 1999).
However, the effect of the quantity of calcite precipitation on Sr/Ca has not yet been
investigated.
Coccolithophore bloomspresent a scenario where the concentration of coccolith
calcite is high at the site of its precipitation and where coccolith Sr/Ca might therefore be
significantly affected by Rayleighdistillation by altering the Sr/Ca of the surrounding
seawater. Further, blooms can contribute significantly to the sedimentary coccolith Sr/Ca
signal in certain areas of the ocean (Bijmaet al. 2001).
In this study, the effect of Rayleigh distillation on coccolith Sr/Cais calculated for
varying concentrations of calcite assuming finite calcification reservoir, and the results
are applied to a hypothetical Emiliania huxleyi bloom scenario. The coccolithophoreE.
huxleyi is used in the model dueto its bloom-forming nature and dueto there being
sufficient data regarding its bloom characteristics and its Sr/Ca exchangecoefficient.
4.3 Methods
The change in coccolith Sr/Ca as a function of the quantity of coccolith Ca
precipitated was calculated in a similar wayto the Rayleigh distillation-type box model
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described by Elderfield et al. (1996). In the model used in this study, change in seawater
Sr/Ca (Sr/Casw) over time can be expressedby,
Sr/Casw _ fa-1
Sr/Cacu:
where Sr/Cagw is the original seawater Sr/Ca, andfis the fraction of Ca remainingin
solution. E. huxleyi-specific values for a were derived from the literature (Table 4.1). The
coccolith Sr/Ca (Sr/Cacocc), accumulated over time following changing Sr/Casw, was
integrated using the massbalance equation:
Sr/Caow = f x Sr/Casw + (1 _ f) x Sr/Cacocc
Initial values of seawater [Sr] and [Ca] (normalisedto a salinity of 35) were obtained from
the literature (Table 4.1). The model assumes no back-reaction betweensolid (calcite) and
liquid (reservoir) states.
4.4 Results
4.4.1 Model parameters from the literature
Ata salinity of 35, literature values of seawater [Sr] vary by 33.88 wmol kg", while
[Ca] varies by 1.18 mmol kg” (Table 4.1). Literature values for a vary from 0.13 to 0.65
(Table 4.1).
4.4.2 Model output
For all combinations of input parameters, seawater Sr/Ca and incremental and
cumulative coccolith Sr/Ca generally increase as the reservoir of Ca is depleted by
coccolithophorecalcification (Fig. 4.1). For E. huxleyi, coccolith Sr/Ca increaseslinearly
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as increasing quantities of Ca are precipitated and removed from the calcification reservoir.
Figure 4.2A shows the maximum potential change in FE. huxleyi coccolith Sr/Ca givenall
permutations of the input parameters (a, [Sr], and [Ca]) at a salinity of 35. Change in
coccolith Sr/Ca is also increased under loweredsalinity (Fig. 4.2B) due to lowerinitial
reservoir concentrations of both Sr and Ca.
4.5 Discussion
4.5.1 Calcite production in a bloom scenario
To apply these model results to real-world E. huxleyi blooms, knowledge ofthe
quantity of coccolith Ca precipitated is required. The highest recorded concentration of E.
huxleyi cells in a bloom was Ld 5x10° cells L"! (Berge 1962), while there can be up to
~250 coccoliths percell in the later stages of a bloom (e.g. Balch et al. 1996b). This
equates to a maximum concentration of 2.88x10'° coccoliths L’. Young & Ziveri (2000)
provide equationsfor calculating the calcite content of individual coccoliths given their
length; a maximum coccolith length of ~4.25 um (Fielding et al. 2009) would give
4.14x10"* mol Ca coccolith. Using the above values the maximum Ca concentration in a
bloom would be 1.10 mmol Ca L”. It should be noted however,that this is an ‘extreme-
case scenario’, and many bloomsarenotlikely to achieve these Ca concentrations.
However, assuming this ‘extreme-case scenario’, cumulative coccolith Sr/Ca would
be elevated by ~0.38 mmol mol” from its pre-bloom value, whereas calcite producedat the
end of the bloom (the final increment) would be elevated by ~0.78 mmol mol’! from its
pre-bloom value (Fig. 4.2A). Therefore, an increase in E. huxleyi coccolith Sr/Ca by this
magnitude in the sediment record mayreflect past bloom occurrence.
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4.5.2 Comparison with natural coccolith Sr/Ca variation
E. huxleyi coccolith Sr/Ca in culture experiments can vary by up to ~1.10 mmol
mol(Stoll et al. 2007b). However, there have been few measurementsofE. huxleyi
coccolith Sr/Ca in the ocean. Sediment-trap data from the Sargasso Sea (not notably an E.
huxleyi bloom area) only show a variation of ~0.10 mmol mol’(Stoll et al. 2007b). This
lack of data is largely due to methodological constraints on measuring the Sr/Ca of
individual coccolithophore species, and has resulted in the majority of core-top and down-
core coccolith Sr/Ca records being based on bulk coccolith carbonate. Bulk (i.e. multi-
species) sedimentary coccolith Sr/Ca can vary by ~0.70 mmol mol’in the Pacific, ~1.30
mmol mol”in the Atlantic, and ~0.50 mmol mol’in the Indian Ocean (Rickabyetal.
2007). However, there are notable systematic differences between the coccolith Sr/Ca of
individual species (Stoll et al. 2002c) makingit difficult to compare these rangesto that
potentially generated by E. huxleyi. It should be noted however, that the largest variation
in E. huxleyi Sr/Ca wasobservedin the North Atlantic (Rickabyet al. 2007) whichis a
major E. huxleyi bloom region. Therefore, it is possible that this variation is due to the
effect of bloom-formation on E. huxleyi coccolith Sr/Ca described in this study.
4.5.3 Bloom occurrencein relation to salinity
The effect of a change in salinity from 30 to 40 on cumulative coccolith Sr/Ca in
this studyis relatively small, being less than 0.05 mmol mol’ (Fig. 4.2B). Further, the
majority of E. huxleyi bloom production occurs in temperate latitudes (Iglesias-Rodriguez
et al. 2002) where the salinity stays within a narrow range between 32 and 35 (Antonovet
al. 2006). Salinity has been lowerin these regionsin the past; at the Last Glacial
Maximumsalinity in the North Atlantic dropped by ~4 (Kim et al. 2003). However, the
effect of this difference in salinity on bloom coccolith Sr/Ca is marginal comparedto that
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of the level of coccolith production. Bloom areas where lowsalinity would have more of
an effect on coccolith Sr/Ca would be the Norwegianfjords wheresalinity is often below
30.
4.5.4 Constraints on model application
The modeloutlined in this study relies on the assumptionthat the pool of Sr and Ca
in the seawater in the bloomisfinite (i.e. it is a closed-box model). For a small bloom
which forms slowly a closed-box modelis an unlikely scenario as mixing with seawater
outside the bloom would occurfaster than Sr and Ca depletion. However, larger and more
rapidly forming blooms may comecloseto replicating the closed-box model scenario
discussed earlier. Unfortunately, there do not appear to be any available measurements of
seawater Sr or Ca concentrations in E. huxleyi blooms. It has been noted that blooms most
frequently occur whenthe water columnis strongly stratified (Tyrrell and Merico 2004)
thus limiting replenishmentof Sr and Ca byvertical mixing. Further, bloomscan cover
extremely large areas of ocean,the largest being ~1* 10° km? (Raitsoset al. 2006).
Therefore, although bloomsappearto be dispersed primarily by lateral mixing (Balch et al.
2009), seawaterin the centre of such large blooms wouldlikely be buffered to an extent
against replenishmentof Sr and Ca by lateral mixing.
4.5.5 Conclusion
As mentioned previously, the model output for this study represents an “extreme-
case scenario’. In both modern andpastoceanstheinitial seawater Sr/Ca andsalinity will
vary and mixing will occur. Theresults do notalter the general conclusions of previous
empirical work where elevated sedimentary coccolith Sr/Ca is assumedto berelated to
increased past coccolithophore bloom productivity (Rickabyet al. 2007; Stoll et al. 2007a).
However,the results highlight a potential mechanism by whichE. huxleyi coccolith Sr/Ca
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might act as a tracer of bloom occurrence complementaryto its ability to record coccolith
calcification rate.
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Table 4.1. Minimum and maximum values for model input parameters derived from the
literature including seawater concentrations of Sr and Ca normalised to a salinity of 35 and
the exchangecoefficient for Sr between seawater and coccolith calcite (a).
 
ReferenceMin Max
Seawater [Ca]y35 (mmol kg")
9.67 10.78
10.19 10.35
10.18 10.31
10.18 10.21
9.96 10.54
10.30 10.31
10.23 10.29
9.90 10.85
10.35 10.48
10.83 10.85
10.18 10.32
9.67 10.85
Seawater [Sr]35 (umol kg")
64.52 69.94
64.57 98.40
85.13 86.39
82.92 95.74
85.02 91.03
86.92 88.04
90.11 96.24
84.02 90.66
88.98 88.98
87.12 91.10
87.56 91.32
91.83 93.77
86.25 91.75
92.43 95.96
64.52 98.40
a
0.32 0.65
0.30 0.39
0.13 0.64
0.28 0.30
0.13 0.65
(Billings et al. 1969)
(Culkin and Cox 1966)
(DeVilliers 1998)
(De Villiers and Nelson 1999)
(Fabricandet al. 1967)
(Horibeet al. 1974)
(Krumgalz and Holzer 1980)
(Muller and De Deckker 2002)
(Naqvi and Reddy 1979)
(Sen Gupta et al. 1978)
(Tsunogaiet al. 1968)
All
(Andersen and Hume1968)
(Andersenet al. 1970)
(Bernatet al. 1972)
(Billings et al. 1969)
(Brass and Turekian 1972)
(Brass and Turekian 1974)
(Chow and Thompson 1955)
(Culkin and Cox 1966)
(De Villiers 1999)
(Fabricandetal. 1966)
(Fabricandet al. 1967)
(Mackenzie 1964)
(Muller and De Deckker 2002)
(Nagayaet al. 1971)
All
(Langeret al. 2006)
(Langeret al. 2009b)
(Rickabyet al. 2002)
(Stoll et al. 2002a)
All
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Fig. 4.1. General relationship between seawater Ca depletion and the Sr/Ca of seawater and
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5 Revised estimates of Emiliania huxleyi specific growth
rate dependence on temperature
5.1 Abstract
A revised estimate ofthe relationship between EF. huxleyi growth rate and
temperature was madeusing literature data from culture experiments (n = 1051) combined
with quantile regression. For modelling E. huxleyi bloom formation, this relationshipis
commonly assumedto follow an exponentialrelationship, as is the case for photosynthetic
algal species in general. However, the results in this study demonstrate that, for data
specific to E. huxleyi, this relationship is better described by a powerfunction.It is
recommendedthatthe revised relationship between E. huxleyi growth rate and temperature
is used in future models of E. huxleyi bloom formation.
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5.2 Introduction
Palaeoceanographic proxies based on both the organic and inorganic remainsofthe
oceanic coccolithophore alga Emiliania huxleyi are widely used for reconstructing past
sea-surface conditions such as temperature (Prahl and Wakeham 1987) andsalinity
(Bollmann and Herrle 2007). It is often assumed that a sedimentary proxy signal reflects
an average of annual sea-surface conditions. However,strictly speaking this is not always
likely to be the case, as a large proportion of E. huxleyi production typically occurs in a
single seasonal bloom event (Bijmaet al. 2001; Thomsenet al. 1998). Therefore,
knowledge of when and whybloomsare likely to occur is needed to estimate whether the
signal reflects, for example, summeror annual sea-surface temperature from the
sedimentary proxy signal.
Current attempts to elicit factors controlling bloom-formation model the behaviour
of E. huxleyi populations in response to combinations of external parameters such as
temperature and nutrients (e.g. Mericoet al. 2004). This approachrelies on having first
quantified how E. huxleyi population growth respondsto each individual parameter.
Calculations of E. huxleyi growth rate as a function of sea-surface temperature are based
on the Eppley curve (Eppley 1972) which describes the maximum attainable growth rates
of photosynthetic algae across a range of temperatures. The Eppley curve is an
exponential function taking the form,
Umax = 0.59¢9-0633T
where, max is the maximum potential growth rate (d"') and T is temperature (°C). A recent
update of this equation, using improvedstatistical methods, has yielded a similar response
(Bissinger et al. 2008). However, while this relationship may apply to photosynthetic
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algae in general, individual species generally have a growth rate — temperature response
following either a linear or a power function (Montagneset al. 2003). Therefore, the use
of the Eppley curve for modelling how E. huxleyi grows in response to temperature may be
inappropriate.
This study aimsto quantify the relationship between maximum potential growth
rate and temperature for E. huxleyi. To achievethis, a large dataset is compiled from
literature culture studies of E. huxleyi where both growth rate and temperature were
measured. Subsequently, a combination of quantile regression and Akaike’s Information
Criterion (AIC) (Akaike 1974) is used to determine the model which best describes the
relationship between growth rate and temperature.
5.3 Methods
5.3.1 Data collection
E. huxleyi growth rate data (n = 1051) were obtained from culture experiments
detailed in the primary literature where culture temperature data were also recorded.
Where data were only presented graphically they were extracted using xyExtract 5.1. All
growth rates were converted to specific growth rate (u, d'). All temperatures were
converted to Celsius (°C).
5.3.2 Quantile regression
Quantile regression (Koenker and Bassett 1978) was used to estimate the maximum
growth rate of E. huxleyi as a function of temperature. Calculating regression parameters
for the 99" quantile allowsthe shape of the upper edge ofthe dataset(i.e. maximum
growthrate) to be quantified. The size of the dataset used here is large enough to allow
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calculation of this quantile; it has been suggested (Rogers 1992) that n should be greater
than [5 / (1 - g)], where g is the quantile (in this case 0.99 or 99" quantile). Quantile
regression wascalculated using R 2.11.1 with the quantreg 4.50 package.
5.3.3 Model selection
Linear and non-linear models werefitted to the 99" quantile of the data and were
then compared using Akaike’s Information Criterion (AIC) (Akaike 1974),
AIC = 2p — 2Liy
wherep is the numberofparameters in the model and L,, is the maximized log-likelihood.
5.4 Results
Literature E. huxleyi culture data were derived from 84 publications, detailing 64
strains from 24 different locations (Fig. 5.1), of which only 6 are in the southern
hemisphere, 7 are in the Pacific Ocean sector, oneis in the Indian Ocean sector, two are in
the Mediterranean, and 14 are in the Atlantic Ocean sector. Strains were grown under a
rangeoflight intensities (4 — 1160 wmol photons m”s"') and day-lengths (between 12 and
24 light per day) although detailed supporting data were not available for manystudies.
A small proportion (~6%) of the data was derived from nutrient-limited cultures(e.g.
chemostats).
Maximum E. huxleyi specific growth rate (u) generally increases with temperature
between 2°C and 27°C (Fig. 5.2A). There are no data below 2°C and very few data (~3)
above 27°C. However, above 27°C growthrates are dramatically reduced and approach 0
d'. Maximum growthrate at any temperature was ~ 2.0 d'', although the actual valueis
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more likely closer to 1.9 d'. The highest growth rates are anomalous and do not conform
to the general  — temperature trend (Fig. 5.2A). These two anomalous data are from an
isolated study and were excluded from subsequentanalysis.
AICselected a powerfunction as the model which best described the 99" quantile
of the response of w to temperature (Table 5.1; Fig. 5.2A), while linear and exponential
functions had similarly low AIC scores.
5.5 Discussion
5.5.1 Growth rate response to temperature
This study represents the first synthesis of data on FE. huxleyi growth rate response
to temperature. It improves on previous attempts to quantify a relationship between E.
huxleyi growth rate and temperature which have beenbased onindividualstrains. Further,
it has been shown that individual strains have different growth rate tolerances to
temperature (Brand 1981) makingextrapolation of strain-specific data to hypothetical
scenarios such as models difficult. However, the data presented here provide a Umax —
temperature response whichis globally applicable, as the data are derived from diverse
geographiclocations (Fig.5.1).
The maximum growth rate observed here (~1.9 d'; Fig. 5.2A) confirmsthat E.
huxleyi is the fastest growing coccolithophore, as can be expected dueto its small size (size
and maximum species growthrates being inversely proportional (Banse 1976)). The
closely related Gephyrocapsa oceanicais similarly small but only has a maximum growth
rate of around 1 d' (Buitenhuiset al. 2008; Schouten et al. 2006). Larger coccolithophores
such as Calcidiscus leptoporus and Syracosphaera pulchra have much lower maximum
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growth rates of below ~0.5 d' (Buitenhuiset al. 2008). The fast growth rate of E. huxleyi
in relation to other coccolithophores, combined with its wide temperature tolerance,is
likely to be a factor in bloom formation.
5.5.2 Implications for modelling E. huxleyi blooms
Previously, models of E. huxleyi bloom formation have assumed that maximum
growth rate is exponentially related to temperature following the multi-species study of
Eppley (1972). However, quantile regression analysis in this study has shown thatthe
relationship is better described by a powerora linear function (Table 5.1; Fig. 5.2A).
Powerandlinear “ — temperature response curves were shown to be the norm for
individual species of photosynthetic algae, whereas no exponential relationships were
observed (Montagneset al. 2003). Figure 5.2B showsthe difference between growth rate
estimation using the powerfunction from this study and using the two multi-species
exponential curves, the original (Eppley 1972) and the recently updated (Bissingeretal.
2008). In both cases the difference between the power and exponential functionsis largest
at extremes of temperature, and smallest between around 10 and 15°C. At 15°C the power
function presented in this study gives a specific growth rate 40% lowerthan that given by
the exponential response of Bissingeret al. (2008). This difference widens to around 50%
at both 5 and 25°C (Fig. 5.2B). Although the majority of E. huxleyi bloomsoccur in
waters with mean annual sea-surface temperatures of between around 3 and 15°C (Iglesias-
Rodriguez et al. 2002) an exponential growth rate response to temperatureisstill likely to
overestimate maximum growth rate.
A key aspect of determining the success of an E. huxleyi bloom lies in E. huxleyi
growth rate relative to that of its grazers. It has been hypothesised that photosynthetic
algal blooms occur more frequently in temperate latitudes than in other regions dueto the
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ability of photosynthetic bloom species to grow faster at these temperatures than can their
grazers (Rose and Caron 2007). Small changes in growth rate parameters of E. huxleyiat
these temperatures(i.e. <15°C) would have a large impact on whethertheir grazers would
be able to outperform them. Therefore, it is recommendedthat in future models ofE.
huxleyi bloom formation the powerfunction presentedin this study be usedforrelating
maximum E. huxleyi growth rate to temperature (Table 5.1).
5.5.3 Potential sources of error
The growth rate — temperature datasetin this study is the largest and most
comprehensive yet to be madeofE. huxleyi. However, the data are potentially
complicated by sampling bias. Asis fairly evident from Figure 5.2A,there are a large
numberofdata at 15 and 20°C. Thisis likely due to two reasons. First, these provide high
growth rates approachingthatof the optimum growth temperature (~25°C). High growth
rates are desirable in laboratory culture experiments simply because they allow
experiments to be conducted in a shorter space of time. Second, 15 — 20°Cis the
approximate range of temperate latitude summersea-surface temperatures, from which
manystrains will have been isolated. Third, 15 and 20°C are from the psychologyofthe
experimenter, easier to aim for than are, for example, 14 and 19°C. In this instance the
accuracy of these temperatures maybecalled into question. Most culture studies do not
provide temperatureerrorestimates, but these likely vary by at least +1°C. However, even
with the existence of temperatureerrors such as these the general w — temperature
relationship would likely be broadly similar.
A further source of error may bederived from a biased distribution of other growth
rate-regulating effects such as photon flux density. However, data for nutrient
73
concentration, salinity, and photon flux density were incomplete and as suchitis difficult
to separate the effects of these variables.
5.5.4 Conclusions
In this study, the relationship between the maximum growthrate of E. huxleyi and
temperature has been quantified. A power function best described the 99"quantile ofthe
data, while a linear function was almost as powerful; both functions described the growth
rate response better than an exponential equation. These results provide improved
parameters for the determination of E. huxleyi growth rate compared to the previously used
exponential function (Eppley 1972). It is recommendedthat these parameters (Table 5.1)
are used for any future modelling of E. huxleyi bloom formation.
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Table 5.1. Model parameters and AICscoresfor the five models whichbestfit the data in
Fig. 5.2A.
 Parameters
Model AIC Equation n a b c
Power 11.82 ax(T’) 2 0.1240 0.8537 -
Linear 11.85 axT+b 2 0.0720 0.1600 -
Exponential 12.05 ax e*? 2 0.6813 0.0426 -
Quadratic 13.75 at+(bxT)+(cxP) 3 -0.0933 0.1172 ~—--0.0016
Flinn 13.80 Witat(bxT)+(cxP)) 3 0.8863 -0.1013 0.0019
BD
Table 5.2. E. huxleyistrains used in this study with their original isolation coordinates and
references to the studies which provided growth rate and temperature data for eachstrain.
 
Strain Latitude Longitude Reference
(Balchet al. 1996a; Balchet al. 1992;
88 42 68 Fernandezet al. 1996b; Fritz 1999; Fritz and
Balch 1996; Keller et al. 1999b; Merrett et
al. 1993; Nimeret al. 1994; Priceet al. 1998)
(Bidle et al. 2007; Bucciarelli et al. 2007;
Dyhrmanand Palenik 2003; Poppet al.
89E 42 -68 2006; Shakedet al. 2006; Steinke et al. 1998;
Stoll et al. 2002b; Sundaet al. 2007; Wolfe
et al. 2002; Xu et al. 2006)
A1383 (Sunda and Huntsman 1992)
A266 42 -68 (Brand 1984)
A47 37 -67 (Brand and Guillard 1981)
A528 36 -67 (Brand 1984)
AC472 (Houdanetal. 2005)
Paasche 1998; Paasche 1999; Paasche andBons a8 17S Brubak 1994; Paascheetal. 1996)
(Bidigareet al. 1997; Bidle et al. 2007;
Dupontet al. 2004; Dyhrman and Palenik
2003; Epstein et al. 2001; Poppetal. 2006;
BT-6 32.2 -64.5 Poppet al. 1998a; Steinke et al. 1998; Sunda
and Hardison 2007; Sunda and Huntsman
1992; Watabe and Wilbur 1966; Wolfe etal.
2002; Wonget al. 2002)
(Dyhrmanand Palenik 2003; Evansetal.
CCMP1516 “ae tel 2007; Evanset al. 2006; Steinke et al. 1998)
(De La Cuesta and Manley 2009; Steinke etCOMER? aa ss al. 1998; Wolfe et al. 2002)
CCMP371 32 -62 (Fenget al. 2008)
CCMP376 42 -68 (Matrai and Keller 1994)
(Buitenhuiset al. 1999; Van Bleijswijket al.Che20 ou 1994; Van Bleijswijk and Veldhuis 1995)
Ch25-90 57 | (Van Bleijswijk and Veldhuis 1995)
CS-369 4.9735 147.5242 (Guan and Gao 2010)
EH2 -18 147 (Sorrosaet al. 2005)
F 60 7 (Paasche 1967; Paasche and Klavenes.D
1970)
F6l 60 11 (Paasche 1998; Paascheet al. 1996)
(Bumaetal. 2000; Pageet al. 1999;
Riegmanetal. 2000; Steinke et al. 1998;
L 60 11 Stolte et al. 2000; Van Bleijswijk and
Veldhuis 1995; Van DePoll et al. 2007; Van
Rijssel and Gieskes 2002)
M 66 2 (Mjaaland 1956)
MCHI 37 -67 (Brand 1984)
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NAP9
NEPCC 55
NEPCC 55a
NEPCC 646
NEPCC 732
Nervion River Estuary
OF8
ownisol
ownisol Muggli (see
NEPCC732)
ownisol.
ownisol.
P3
P8
PLY 92/92D
PLY 92A
PLY B317
PLY B92/11
PLY D53/74/6
PLY D61
PLY G1779
PLY G1779Ga
PLY M181
PLY M219
Populations D — U (except
O)(17 strains)
SAF
SC91
TQ26DIP
TWI1/ AC474
40.5
48
50
60
50
43.3
60
50
50
390
50
50.2
50.2
60
60
13.5
-130
-145
11
-145
11
-145
-145
10.5
-145
-4.25
170
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(Paasche 1999)
(Brand 1984)
(Conte et al. 1998; Epstein et al. 2001; Popp
et al. 2006; Prahl et al. 2003; Priceet al.
1998)
(Price et al. 1998)
(Needoba and Harrison 2004; Needobaetal.
2003)
(Seoaneet al. 2009)
(Paascheet al. 1996)
(Thompsonand Calvert 1995)
(Lecourt et al. 1996)
(Garde and Cailliau 2000)
(Muggli and Harrison 1996a; Muggli and
Harrison 1996b; Varela and Harrison 1999)
(Mjaaland 1956)
(Mjaaland 1956)
(Boye and Van Den Berg 2000;Lealetal.
1999; Takanoet al. 1995; Vasconceloset al.
2002)
(Steinke et al. 1998; Wolfe et al. 2002)
(Nielsen 1997; Paascheetal. 1996)
(Bidigare et al. 1997; Conte et al. 1998;
Langeret al. 2006; Langeret al. 2007;
Langeret al. 2009b; Leonardos and Harris
2006; Paascheet al. 1996; Popp et al. 1998a;
Rickabyet al. 2002; Riebesell et al. 2000;
Rostet al. 2002; Schoutenet al. 2006;
Schulz et al. 2007)
(Paascheet al. 1996)
(Paascheet al. 1996)
(Paascheet al. 1996)
(Conteet al. 1998)
(Conte et al. 1998; Paascheetal. 1996)
(Rhodeset al. 1995)
(Brand 1982)
(Conteet al. 1998; Paascheet al. 1996)
(Paasche 1999; Paascheet al. 1996)
(Buitenhuiset al. 2008)
(Sciandra etal. 2003)
 Fig. 5.1. Geographical locations of E. huxleyi strains used in literature data compiled in
this study.
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Fig. 5.2. (A) E. huxleyi specific growthrate (yw) as a function of temperature. Data were
compiled from the literature. Linear, exponential, power, quadratic, and Flinn curvesfit to
the 99" quantile of the data (except for 2 data; see figure legend); see Table 5.1 for
parameters. (B) Power function from Fig. 5.2A compared to the original (Eppley 1972)
and updated (Bissingeret al. 2008) exponential functions. Note different y-axes.
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6 Elevated coccolithophore production of
dimethylsulphoniopropionate at high salinities
6.1 Abstract
The relationship between E. huxleyi dimethylsulphoniopropionate andsalinity was
quantified using culture experiments and gas chromatographic analysis. The DMSP
content of two open-ocean strains of E. huxleyi displayedpositive linear responses to
salinity while a strain from a marginal environmentdisplayed a non-linear response. This
geographical divide suggests that open-oceanstrainsare genetically different to those in
marginalsettings as has been observed for E. huxleyi coccolith morphology. The
relationship between open-ocean DMSPcontent and salinity suggests that net E. huxleyi
DMS?is likely to have increasedin all ocean basins at the Last Glacial Maximum except
for the North Atlantic where salinity decreased. This potential basin scale difference in
DMSPproductionis partly reflected in ice core records of sulphate aerosols from both
Greenland and Antarctica.
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6.2 Introduction
The control of atmospheric air temperature is a key aspect of climate change in
. both the past and future. Onefactorthat can affect air temperatureis the existence of
sulphur aerosols in the stratosphere (Dickinson and Cicerone 1986). These aerosols not
only scatter incomingsolar radiation but alsoreflect it due to their role in cloud formation
as cloud condensation nuclei (Malin et al. 1992). A major source of atmospheric sulphur
aerosols is the marine biogenic compound dimethylsulphide (DMS), which is derived from
dimethylsulphoniopropionate (DMSP). DMSPis biosynthesised primarily as a compatible
solute to control osmotic regulation by marine algae, including the coccolithophores,
which have notably high intracellular DMSP concentrations compared to most other
phytoplankton groups (Malin and Steinke 2004). Atmospheric biogenic DMS
concentration is controlled by (i) phytoplankton DMSPproduction,(ii) its conversion to
DMS,and(iii) its flux from the ocean to the atmosphere (Simo 2001).
The link between DMSand climate remains poorly understood. Sulphur aerosol
records from Antarctic and Greenland ice-cores over the past ~100 ka have revealed
changes in atmospheric DMSin concert with global climate change (e.g. Hansson and
Saltzman 1993; Legrandet al. 1991). However, analysis has been inconclusive, with
results suggesting higher atmospheric DMSin both glacial and interglacial periods,
depending on the core location. Other attempts to understand what drives atmospheric
DMShavetried to reveal controls on DMSPproduction in the ocean. Recent focus has
been on the DMSPresponseofthe globally distributed and abundant coccolithophore
Emiliania huxleyi to (i) temperature (Van Rijssel and Gieskes 2002), (ii) concentrations of
CO? (Vogtet al. 2008), and (iii) nutrients (Sundaet al. 2007). However, although sea
surface salinity (SSS) has varied significantly over glacial-interglacial cycles (Wolffet al.
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1999), little attention has been paid to the potential DMSP responseofE. huxleyi to
changesin salinity.
Elevated salinity is knownto cause increased cellular DMSPcontentacross a range
of algal groups (Dickson and Kirst 1987a; Dickson and Kirst 1987b; Vairavamurthyetal.
1985). However, the species used for these studies have either restricted spatial
distributions or abundances. However, for the bloom-forming and widespread E. huxleyi, a
relationship between salinity and DMSPhasnot yet been confirmed,let alone quantified.
In this study, the response of E. huxleyi DMSPtosalinity is investigated using
culturing techniquesacross a range of experimentalsalinities which encapsulates the SSS
of both present and glacial oceans.
6.3 Methods
6.3.1 Culturing
E. huxleyi strains PLY B92/11 (coastal Norway), RCC 948 (south-east Pacific), and
RCC 962 (central Pacific) were grown in semi-continuous batch culture (Brandet al. 1981)
in 250 mL Erlenmeyerflasks, eachfilled with artificial seawater (ASW), at ~175 umol
photons m” s"' continuouslight and at 18°C. ASW was madeusing deionized water,
synthetic sea salt (Ultramarine, Waterlife Research Industries), f/2 nutrient-enrichment
media (Sigma, G0154; (Guillard 1975)), and Na2SeO;3to a final concentration of 10 nmol
L'' (Danbara and Shiraiwa 1999). ASW wassterilised by filtration at 0.2 wm andsalinities
were determined using an Autosal 8400 (Guildline Instruments).
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6.3.2 DMS and DMSPexperiments and analysis
Cultures were grownat 8 salinities between 30 and 44 and were acclimated to each
treatment for >10 generations before being sub-cultured into experimental flasks (Fielding
et al. 2009). Throughout acclimation and experimentation, cultures were re-suspended
twice daily and maintained in exponential growth phase at concentrations below 3.0 x 10°
cells mL” to avoid large changesin the aqueous carbonate system. Samples weretakenin
exponential growth phase for DMSP and DMSanalysis (performed by Michael Steinkeat
the University of Essex).
For each treatment, one 3 mL sample for particulate DMSP (DMSP,) analysis was
filtered through a pre-combusted (500°C, 24 h) Whatman GF/F under <5 kPa to minimise
cell lysis. The filter was then immediately placed in 3 mL (0.5 mol L') NaOH. To
measure cellular leakage of DMSP and conversion of DMSP to DMSan additional 2.85
mL sample for total dissolved and particulate DMSP and DMS (DMSP;) wastaken and
directly added to 150 wL (10 mol L"') NaOHto givea final concentration of 0.5 mol L”
NaOH (NaOHaddition causesalkaline hydrolysis of all DMSP to DMS). To calculate
concentrations of DMSP, and DMSP,percell, culture cell concentrations were measured
using a CASYelectronic particle counter (Innovatis). DMSP, and DMSP; samples were
stored at room temperature in septum-capped Finneran vials prior to analysis. Samples
were incubated for 24 h at 30°C and then analysed using gas chromatography and flame
photometric detection (Shimadzu GC-2010 with a 30 m, 0.53 mm CP-Sil 5CB capillary
column). See Appendix 6.1 for all raw data. Standard deviation within each treatment was
under 0.08 fmol DMSP,cell’ and under 0.06 fmol DMSP,cell’. As the shapesofthe
relationships between salinity and DMSPwere not known it is recommendedthat
replication should be made by maximising the number of environmental treatments(i.e. at
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different salinities) rather than within each of a smaller numberof treatments (Montagnes
and Berges 2004).
6.3.3 Statistical analysis
Least squares regressions of DMSP, and DMSP,asa function ofsalinity were
applied to each strain. Slope and intercepts of linear regressions were compared to
determine between-strain differences(f-test; a = 0.05).
6.4 Results
DMSP,percellis significantly relatedto salinity forall strains (Fig. 6.1A). The
two open ocean Pacific strains (RCC 948 and 962) displayedlinear relationships to salinity
(r° = 0.90 and 0.55 respectively), while the coastal Norwegian strain (PLY B92/11)
followed a quadratic response (r’ =0.90). The intercept of RCC 948 (S.E.Pacific)is
significantly higher than that of RCC 962 (central Pacific).
DMSP,is related to salinity in an identical way for eachstrain although DMSP; was
consistently higher than DMSP,by 1.42+1 fmol cell’! (Fig. 6.1B). The linear regression
for the DMSP, of RCC 962 hasa higher 7” (0.74) than that for DMSP».
6.5 Discussion
6.5.1 Salinity - DMSPresponse betweenstrains
The results of this study show that, like many other phytoplankton species (Dickson
and Kirst 1987a; Dickson and Kirst 1987b), DMSPcontentof E. huxleyi generally
increases with increasing salinity (Fig. 6.1). For the two open oceanPacific strains DMSP;
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increases by between 0.28 and 0.49 fmolcell” per unit salinity. However,the results
presented here also highlight significant between-strain variability in cellular DMSPofup
to ~2.5 fmolcell”at highersalinities. The near identical responseto salinity observed with
both DMSP, and DMSP,(Fig. 6.1) showsthat differences betweenstrains are not due to
leakage of DMSP from the cell or from conversion ofDMSP to DMS. While SSS change
will exert an effect on total DMSP production, a shift in strain dominance in ocean surface
waters hasthe potential to overridethis effect.
Reduced DMSPpercell at the highest salinities in the strain from coastal Norway
reflects a further intra-species difference. A similar depression of DMSP contentat higher
salinities was observed for cultures of the estuarine diatom Cylindrotheca closterium (Van
Bergeijk et al. 2003), but not for the open ocean coccolithophore Pleurochrysis carterae
(Vairavamurthyet al. 1985). This suggests that strain provenance mayplay a role in
determining the linearity of the salinity--DMSP response. The generally lowersalinity in
estuarine and other coastal environments (often as low as 31 in coastal Norwegian waters
(Batvik et al. 1997)) due to freshwater input may have caused coastal species to havelost
the ability to synthesise enough DMSPtotolerate the highersalinities present in the open
ocean (32 — 37 (Antonovet al. 2006)). A genetic difference between open-ocean and
coastal strains of E. huxleyi has previously been observedforcell physiological and
biochemical characteristics (Conte et al. 1995; Fielding et al. 2009; Paasche 2002).
Alternatively, Van Bergeijk et al. (2003) noted that, at higher salinities, the amino acid
proline became the dominant compatible solute in place of DMSP, which suggeststhat
coastal strains may have evolved a different response pathwayto salinity change.
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6.5.2 Last Glacial Maximum DMSPproduction
Understanding drivers of the production of DMSPby phytoplankton suchas E.
huxleyi is pertinent to assessing the interaction of atmospheric sulphur with past climate.
Dueto different patterns of precipitation, evaporation, and oceancirculation, SSSat the
Last Glacial Maximum (LGM)wasconsiderably different to that today. In the Pacific,
Indian and Southern Oceans SSS was ~1 unit higher thanit is at present, while LGM SSS
in the northern Atlantic wasup to 4 units lower (Kim etal. 2003).
The experimental results presentedin this paper, combined with knowledge of
LGMSSS,suggest that coccolithophore DMSPis likely to have increasedin all ocean
basins except for the Atlantic. Increased concentrations of atmospheric
methanosulphonate (MSA;an oxidation product of DMS)hasbeenlinkedto the presence
of E. huxleyi (Kubilay et al. 2002). Indeed, ice core records of MSA from Greenland
suggest lower glacial DMSPproduction overthe North Atlantic (Hansson andSaltzman
1993; Legrandet al. 1997; Saltzman et al. 1997). This is in contrast to the majority of data
from the southern hemisphere which showelevated glacial DMSP (Legrandet al. 1991;
Saigne and Legrand 1987). However,linking basin-scale DMSPproductionwith ice core
records of MSA should be made with caution as MSA deposition relies on a variety of
factors such as local sea-ice extent (Rhodeset al. 2009), changing sources of moisture
advection (Preunkert et al. 2008), and pre- and post-depositional effects (Simo 2001;
Traversi et al. 2009). Nonetheless, the discrepancy in MSA deposition between
hemispheres maybepartly explained by the freshening of the North Atlantic during the
LGM,and thusa net decreasein localised production of DMSP.
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6.5.3 Other variables affecting E. huxleyi DMSP
At the LGM sea-surface temperature (SST), nutrient cycling, and solar insolation
were different to those at present (Climap 1981). For example, SST was considerably
lower by up to ~4°C in the Southern and Pacific Oceans, and by up to ~6°C in the North
Atlantic (Locarniniet al. 2006). Previous culture work has highlighted environmental
factors other than salinity which can affect E. huxleyi DMSP. Keller (1999b) found that
nitrogen limitation caused a small decrease in DMSP,by ~0.5 fmolcell’', while van
Rijssel & Gieskes (2002) foundthat light limitation decreased DMSP,by ~2.5 fmol cell.
However, the same study also found decreasing temperature led to increased DMSP, by
~23 fmolcell’! (Van Rijssel and Gieskes 2002). Below 15°C DMSP,decreasedat a rate of
~1.6 fmol cell’! per 1°C. Thesalinity increase in this study, however, only causes DMSP,
to increase by up to ~5 fmol cell” at a rate of up to ~0.49 fmol cell” per unit salinity (Fig.
6.1A; south-east Pacific strain).
Whenthe difference in SSS and SSTare translated into difference in DMSP
between the LGM andpresent, the effect caused by temperature change is about ten times
that of salinity. In the Southern and Pacific Oceans the temperature and salinity changeat
the LGM would equate to +6.40 and +0.49 fmol DMSPcell”! respectively. The North
Atlantic should experience +9.60 fmol DMSPcell" due to the 6°C decrease, and -1.96
fmol DMSPcell"!due to the SSS decrease of ~4. However,it should be noted that the
effect of temperature on DMSPproduction has not been measured for open-oceanstrains
of E. huxleyi; the strain used by van Rijssel and Gieskes (2002) was from Norwegian
coastal waters and could therefore be,as it is for salinity-DMSP, markedly different to
open-oceanstrains in its temperature-DMSP response. Further, the decrease in sea-level at
the LGM (Huybrechts 2002) would likely cause a reduction of marginal habitats and the
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dominance of open-oceanstrains of E. huxleyi. Therefore, the effect of temperature on
DMSPproduction in open-oceanstrains requires testing before assumptions can be made
about the relative importanceofeither salinity or temperature.
6.5.4 Conclusion
In this study the relationship betweensalinity and DMSP wasquantified for E.
huxleyi and was foundto be positive and linear for open-oceanstrains but non-linear and
quadratic for a coastal strain. For open-oceanstrains the relationship betweensalinity and
DMSPwasstable across a rangeofsalinities encompassing those from the LGM andthe
present oceans. Lowered LGM SSSand consequently lowered DMSP in the North
Atlantic, but not elsewhere, broadly agrees with ice core proxy records of DMSP
production. However, the effect of lowered LGM temperature and changesin strain
dominance may be more importantfactors than salinity on the amount of DMSP produced
by E. huxleyicells.
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Fig. 6.1 Culture experimental results of (A) particulate DMSP (DMSP,), and (B) the sum
of dissolved and particulate DMS and DMSP (DMSP;) as a functionofsalinity for one
coastal and two open-ocean strains of the coccolithophore Emiliania huxleyi.
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Appendix 6.1. Raw data used to calculate DMSP, and DMSP;percell.
 Straj S Cell concentration Cell volume DMSP, DMSP;rain (cells mL? (uum?) (nmol) (nmol)
S.E. Pacific 30.26 70285 48.35 1.04 1.09
S.E. Pacific 32.04 62695 55.06 1.11 1.19
S.E. Pacific 33.73 107300 46.14 2.14 2.40
S.E. Pacific 34.86 92140 56.83 1.80 2.03
S.E. Pacific 37.01 59670 41.63
S.E. Pacific 39.39 137350 43.25 4.06 4.56
S.E. Pacific 41.52 108650 50.97 3.04 3.73
S.E. Pacific 43.49 71470 47.71 2.01 2.27
central Pacific 30.26 45780 55.06 0.22 0.31
central Pacific 32.04 30675 54.54 0.25
central Pacific 33.73 54185 38.93 0.41 0.47
central Pacific 34.86 80980 40.19 1.04 1.17
central Pacific 37.01 41365 45.52 0.52 0.58
central Pacific 39.39 74815 44.45 1.08 1.16
central Pacific 41.52 46197 50.30 0.45 0.58
central Pacific 43.49 49545 63.31 0.74 0.96
coastalNorway 30.26 52940 51.63 0.86 1.07
coastalRonway 32.04 27970 50.47 0.48 0.55
coastalNorway 33.73 68795 42.95 1.50 1.75
coastalNorway 34.86 107850 49.00 246 313
coastalNorway 37.01 37945 37.69 0.95 1.10
coastalNorway 39.39 67000 42.36 1.53 1.85
coastalMorway 41.52 35105 46.77 0.69 0.77
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(Appendix 6.1 contd...)
 fmol DMSP, cell”! fmol DMSP, pm” cell fmol DMSP, fmol DMSP, Hm” cell
volume” cell cell volume’ cell
4.94 0.10 5.46 0.11
5.90 0.11 6.67 0.12
6.64 0.14 7.84 0.17
6.51 0.11 7.72 0.14
9.84 0.23 11.65 0.27
9.32 0.18 12.05 0.24
9.39 0.20 11.13 0.23
1.58 0.03 239 0.04
2.83 0.05
2.55 0.07 3.06 0.08
4.27 0.11 5.08 0.13
4.19 0.09 4.92 0.11
4.82 0.11 5.45 0.12
3.25 0.06 4.41 0.09
4.97 0.08 6.81 0.11
5.39 0.10 7.12 0.14
5.72 0.11 6.84 0.14
7.25 0.17 8.93 0.21
7.60 0.16 10.19 0.21
8.35 0.22 10.15 0.27
7.61 0.18 9.69 0.23
6.55 0.14 7.67 0.16
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7 Concluding discussion
7.1 Summary
This thesis addresses several palaeoceanographic proxies and processesrelated to
E. huxleyi; namely, palaeo-SSS (2), palaeo-sea-surface CO? (3), palaeo-productivity (4),
bloom formation (5), and DMSPproduction (6). Each chapter takes a different approach,
either generating original data, or using the large amountofdata available in the literature.
Theresults highlight the ability of culture experiment data to address questions that may
otherwise be unapproachable from the perspective of in situ oceanographic data collection.
In the chapters addressing palaeoenvironmental proxies (2, 3, and 4), the results
generally support the current application of each proxy, while adding caveats or updated
error estimates for application. Chapter 5 does not directly address a proxy but provides
improved parameter-estimates for models which seek to determine the causes and effects
of bloom formation; a process whichis regionally important in contributing to E. huxleyi
proxy signals (Bijmaet al. 2001). Chapter 6 quantifies the effect of a hitherto-unaddressed
biogeochemical process(salinity — E. huxleyi DMSP) which could potentially affect the
global S cycle and thus climate.
Chapter 2 highlights biogeographical constraints on the application of the palaeo-
SSS proxy that wasoriginally proposed by Bollmann & Herrle (2007). Analysis shows
that use of the proxy in marginal andisolated regions of the ocean, such as Norwegian
coastal waters, the Black Sea, and the Red Sea, should be made with caution. Theseresults
recommendthat a localised relationship between SSS and E. huxleyi coccolith morphology
should be madefor each of these locations before application as a proxy.
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Chapter 3 updates previous estimates of palaeo-sea surface CO. by providing a
significantly larger sample size for determining one of the proxy’s input parameters, cell
volumeto surface area ratio (V:SA). Contrary to analysis of E. huxleyi coccolith
morphology,neithersalinity nor biogeographical location can explain variation in E.
huxleyi cell V:SA. The temporalpatterns of revised estimates of CO) do not differ greatly
from those made previously (Henderiks and Pagani 2007). However, these results
highlight that an additional error exists of between 6 and 30 umol CO kg” from the
middle Eocene and the early Miocene. This represents an approximate doubling of the
original error estimates and should be taken into account whenreconstructing palaeo-sea
surface CO, using this method.
Chapter 4 highlights bloom formation as a mechanism for potentially controlling
the Sr/Ca of E. huxleyi coccoliths. Coccolith Sr/Cais currently concluded to be controlled
by the rate at which coccoliths are produced (Stoll et al. 2002b). However, the results in
this chapter do not refute the use of E. huxleyi Sr/Ca as a palaeoproductivity proxy, but
merely suggestthat it may reflect the occurrence of bloom events as opposedto
palaeoproductivity per se. However, the theoretical approach usedin this chapter would
require ground-truthing before any solid conclusions could be made aboutthe
interpretation of E. huxleyi coccolith Sr/Ca.
Chapter 5 improves on previousestimates of E. huxleyi growth rate in responseto
changing SST. This chapter proposes a powerrelationship between temperature and E.
huxleyi maximum growthrate as opposed to the conventional multi-species exponential
response(Bissingeret al. 2008; Eppley 1972). An attempt to quantify the impact of this
revision on the outcome of bloom modelsis outside the scope of the present study.
However, the difference betweenthe revised relationship and that used previously is more
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pronouncedat extreme high and low temperatures. Nevertheless, the results provide a
morereliable basis on which to model E. huxleyi bloom dynamicsin the future.
Chapter 6 quantifies the effect of changing salinity on the quantity ofDMSP
produced by E. huxleyi cells. This analysis suggests that the salinity - DMSPrelationship
is different in coastal isolates of E. huxleyi than it is in open-ocean isolates. This supports
the observations of a coastal — open-ocean divide in coccolith morphology (Chapter 2)
(Fielding et al. 2009). Additionally, the positive relationship between salinity and DMSP
might be reflected by the simultaneous freshening of the North Atlantic (Kim et al. 2003)
and the decrease in atmospheric sulphate deposition over Greenland (Hansson and
Saltzman 1993; Legrand 1997; Saltzmanet al. 1997) at the Last Glacial Maximum.
However, comparison ofthe effect of salinity with that of temperature suggests that SSS
mayonly have had a secondary effect in determining sea-surface DMSP productivity in the
past.
7.2 Scope for further research
Chapters 2 and 4 provide opportunities for further investigation. Understanding the divide
between the SSS — coccolith morphologyrelationship in the open ocean and in marginal
environments (Chapter 2) may benefit from further substantiation. The majority of
coccolith morphology data upon whichthis observation was based were derived from the
open-ocean and from Norwegianfjords. Therefore further culture experiments onstrains
of E. huxleyi from marginal settings such as the Black Sea and the Red Sea would help to
either support or refute the hypotheses outlined here. The potential genetic divide between
marginal and open-ocean populations of E. huxleyi is lent weight by the salinity - DMSP
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results (Chapter 6), although not by cell V:SA (Chapter 3). Further, there is evidence from
lipid composition (Conte et al. 1995) and growth physiology (Paasche 2002) of a marginal
~ open-ocean genetic divide between E. huxleyi populations. In the light of this body of
evidenceit may bepertinent to quantify the effect of biogeographical sample provenance
on otherproxies based on E. huxleyi, such as U3, before they are routinely applied in
marginal locations.
The bloom mechanism potentially affecting coccolith Sr/Ca outlined in Chapter 3 is
based purely on theory. However, this mechanism lendsitself well to testing using
laboratory cultures and perhapsbyin situ bloom measurements of each of the model
components. Primarily, the effect of coccolith calcite production on bulk coccolith Sr/Ca
should first be quantified underlaboratory settings. However, maintaining a constant
coccolith calcification rate and a relatively steady-state carbonate system may proveto be
prohibitive for generating reliable empirical data.
The contribution of Chapter 5 to understanding the mechanismsof E. huxleyi
bloom formation requires testing by re-running existing models (e.g. Mericoet al. 2004)
using the new input parameters for growth rate. However,as there are noted differences in
growth physiology betweenstrains from different locations (Paasche 2002) it would be
timely to assess the impactofbiogeography(e.g.latitude, Atlantic/Pacific, N/S hemisphere
divides, etc.) on the relationship between temperature and growthrate.
While the effect of the updated parameter estimates provided in Chapter 3 on
reconstructions of palaeo-sea surface CO, have been discussed in that chapter, their
integration into future CO, reconstructionsis strongly recommended. Similarly it is
recommendedthat where a proxy reconstruction relies on assumptionsabout E. huxleyi
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physiology, morphology, or chemistry, these assumptions shouldideally be tested using
the large archive of available literature data before routine proxy application.
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